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Abstract
Historically, measurements of differential cross sections for the neutron transfer reaction (d,p) on stable targets have been an important tool for extracting spectroscopic
information. In particular, it is possible to measure excitation energies, and make
orbital angular momentum assignments and extract spectroscopic factors for ground
states and excited states by comparing measurements to cross sections calculated for
pure single-particle states.
In recent years, the advent of rare isotope beams have made it possible to apply
this method to increasingly exotic nuclei. As nucleon separation energies decrease
along the path to the proton and neutron drip lines, many new reaction channels are
opened. Complications for theoretical calculations have arisen from the plethora of
open reaction channels.
The archetypal one neutron halo nucleus 11 Be has been an important test case
for theoretical studies, being within the reach of ab-initio theory and relatively near
the valley of particle stability while possessing several exotic properties. Although
its ground state properties have been studied thoroughly, the spectroscopic factor for
the first excited state is not well understood. Additionally, little is known about the
low-lying resonances.
The current study has been performed to provide an extensive data set for the
reaction 10 Be(d,p) in inverse kinematics, including elastic and inelastic scattering
channels, which are important for optical model parameterizations. Differential crosssections have been measured at equivalent deuteron beam energies of 12, 15, 18, and
21.4 MeV. Results are compared to previous measurements in standard kinematics
at 12 and 25 MeV. The data are also used to evaluate the Distorted Wave Born
Approximation and Adiabatic Distorted Wave Approximation methods for calculating
differential cross sections and spectroscopic factors are extracted with each method.
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Chapter 1
Introduction
The field of low energy nuclear physics is concerned with understanding the structure
of, and reactions between, atomic nuclei. The field emerged along with several others
at the beginning of the 20th century, sharing a mutual interest in understanding the
unseen, small-scale structures of our world. Experimental studies take advantage of
energetic beams and spontaneous decays. Theoretical calculations have meanwhile
thrived with the birth and development of ever-increasing computational power.
For almost a century, studies were centered around the isotopes which are
prevalent in the world around us. The work of the past few decades, however, has
demonstrated the utility of studying rare, short-lived isotopes. The medical industry,
for instance, has found important uses for many isotopes with half lives from many
years down to a few minutes. Furthermore, around half of the nuclei heavier than
iron are thought to have been produced in processes involving isotopes which have
not been observed.
The current focus of the field is on expanding the limits of observation to include
increasingly exotic nuclei, both in establishing their existence and in understanding
their structure and reactions. As these advances are made, the tools that are used
continue to evolve and be refined.

1

Studies of light neutron-rich nuclei have been especially important in this thrust.
Owing to the small number of constituent nucleons, ab-initio predictions for these
nuclei are not possible for higher mass nuclei. Also, it is exclusively at light masses
that both driplines, the neutron- and proton-rich limits of nuclear boundedness, have
been reached observationally.
The goals of the present study are to expand the current body of knowledge of
low-lying states in the light neutron-rich nucleus

11

Be, and to provide data that will

constrain cross-section calculations for the neutron transfer reaction (d,p) on exotic
nuclei. The structure of the remainder of the dissertation is as follows:
Chapter 2 provides the background and motivation for the study.
Chapter 3 presents highlights of the theoretical developments relevant to the study.
Emphasis is given to concepts relevant to single-particle structure and configuration
mixing.
Chapter 4 describes the experimental tools used to make the stated cross-section
measurements.
Chapter 5 gives the data from those measurements and comparisons to the
predictions of theoretical models.
Chapter 6 includes a discussion of the results of the study, draws conclusions, and
provides an outlook for future studies.
The differential cross-section data are tabulated in the appendix.

2

Chapter 2
Motivation
The dominating consideration in the structure of increasingly neutron-rich nuclei
is the growing proximity of ground states to particle-emission thresholds.

This

change signifies a transition from closed systems, which do not interact with the
environment, to open systems, whose structure depends strongly on interaction with
the environment [20]. In nuclei, these interactions are manifested in couplings to
scattering states and resonances and increasingly correlated interactions in exotic
nuclei. Each of these features are evident in the neutron-rich beryllium isotopes.

2.1

The neutron-rich beryllium isotopes

The structure of the beryllium (Z = 4) isotopic chain is dominated by the presence
of α − α clusterization and neutron halos. The noteworthy features of each isotope
on the neutron-rich side of this chain will be described here.
Beryllium-8, which has the same number of neutrons as protons, is slightly
unbound with respect to double α decay. This is a consequence of the anomalously
strong binding energy of the α-particle. The ground state is only 92 keV above the
α − α threshold, giving it a strong cluster character [17, 26].

3

Beryllium-9 is the only stable isotope, being bound by the presence of an additional
neutron. It retains the highly deformed double-alpha shape, due to the proximity of
the low-lying 2α−1n threshold at 1.67 MeV. Two rotational bands have been observed
in its spectrum, built on the ground and first-excited states [49]. These bands are
seen as a signature of the clusterization and strong deformation of these states [25].
The most deeply bound isotope is

10

Be, which has a neutron separation energy of

6.8 MeV and a β-decay half life of 1.5 × 106 years. The α − α clusterization continues
in this nucleus near the corresponding threshold at 8.48 MeV [25]. The ground state
is also strongly deformed, with a quadrupole deformation parameter β2 of 1.14(6) [55].
The dramatically larger binding energy brought by the addition of a neutron to 9 Be
demonstrates the effect of nucleonic pairing, and pushes the α-emission threshold far
higher than the neutron emission thresholds in the heavier isotopes.
Beryllium-11 is the archetypal one-neutron halo nucleus. The ground and first
excited states are both halo states, in which the outermost neutron is extremely
weakly bound (by 503 and 183 keV, respectively). This property of the ground state
is compared with other light nuclei in Figure 2.1. The ground state has been studied
from a variety of approaches [43, 64, 22, 4, 74, 51, 24]. These references and halo
structures in general will be discussed in greater detail in the Section 2.2. The ground
state has positive parity, which is a departure from what would be predicted in a
harmonic oscillator mean-field picture. The 1/2+ state falls in energy relative to the
1/2− level in the N = 7 isotones, as shown in Figure 2.2. This fact, originally pointed
out by Talmi and Unna [65], is an important contributor to the halo structure of the
ground state.
Beryllium-12 provides an excellent benchmark for the structure of neutron-rich
nuclei because the neutron number forms a closed shell in stable nuclei. Shell closures
define the framework of the nuclear chart, occurring at the magic numbers 2, 8, 20, 28,
50, 82, and 126. Magic nuclei have several characteristic qualities, including spherical
4

Figure 2.1: A rendering of the nuclear chart, with proton number on the vertical
axis, neutron number on the horizontal axis, and elevations correponding to inverse
separation energies. Stable nuclei are represented by grey squares, with proton-rich
nuclei in red and neutron-rich nuclei in blue. Nuclei which are generally accepted to
be halo nuclei are pointed out using darker shades of red and blue. Note that while all
halo nuclei have small separation energies, not all weakly bound nuclei have haloes.
The halo effect is suppressed by the presence of spin-orbit and Coulomb potential
barriers.
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Figure 2.2: The evolution of single particle levels and the one neutron separation
energy Sn for the isotones 15 O, 13 C, 11 Be, and 9 He.
shape, strong binding energy, and elevated excitation energies for the first 2+ states.
The first excited state of

12

Be lies at 2.10 MeV. This value is compared with other

N = 8 isotones in Figure 2.3. The dip in excitation energy for the first excited state
of

12

Be relative to the other beryllium isotopes indicates a loss of magicity at N = 8

for neutron-rich nuclei. The quadrupole deformation length for this nucleus has been
measured to be 2.00 ± 0.23 fm [28], adding to the evidence against a shell closure
for

12

Be. The neutron emission threshold for this nucleus, 3.17 MeV, does not give a

strong indication of magicity because of the large changes in proton number/neutron
number assymmetry from one even isotope to the next along this chain.
Less is known about the heavier isotopes of beryllium. Beryllium-13, 15, and 16
are unbound with respect to neutron emission. Several experimental studies have been
performed on the resonant structure of

13

Be. There is evidence of both p-wave [36]

and s-wave [66] strength below 1 MeV in the relative energy spectrum of the
6
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Figure 2.3: The evolution of first excited state energies for the beryllium, carbon,
and oxygen isotopic chains. A dashed line indicates the traditional shell closure at
N = 8. A shell gap is evident for the isotopes of carbon and oxygen, but not for
beryllium. (Data from the National Nuclear Data Center [46])
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system, affirming the breakdown of the N = 8 shell gap. Higher-lying resonances in
13

Be have also been observed [37, 12]. Most of the interest in this nucleus relates to

its role in the Borromean system

14

Be. Borromean systems are three-body systems,

in which no two-body system is bound. Beryllium-14 is bound with respect to twoneutron emission by 1.26 MeV, but neither the 12 Be−n nor n − n systems are bound.
Total interaction cross-section measurements for this nucleus are consistent with the
presence of a two-neutron halo or skin [62].

2.2

Nuclear Halos

The discovery of halo structure was one of the most striking indications of the changes
in structure for exotic nuclei. The effect is characterized by an abnormally diffuse
nuclear surface. It is a quantum tunnelling effect wherein a significant portion (greater
than 50%) of the wave functions for the valence nucleons lie in the classically forbidden
region of the potential [56]. This is possible for bound states that are in close proximity
to particle emission thresholds (separation energies typically less than 2 MeV) and
have at most weak potential barriers associated with the Coulomb and spin-orbit
interactions. This requires that the angular momentum of the valence nucleons be
limited to 0 or 1. Proton halos are possible in nuclei with low Z, but are inhibited
by the Coulomb barrier, especially for Z > 10.
The halo effect has garnered attention for three main reasons. First is that
it signifies the evolution of nuclear structure for increasingly exotic nuclei, as the
transition is made from closed systems to strongly interacting open systems. Second
are the implications for nucleosynthesis. As will be seen in the following subsection,
nuclear radii, and in particular the radii of neutrons in the nucleus, have strong
effects on reaction rates. Since radii are extremely sensitive to separation energies
and angular momenta, it will be difficult to predict the effect for so far unobserved

8

r-process nuclei. Thirdly, nucleon halos have densities that are unique here on Earth,
at an intermediate value between the narrow range of conventional nuclear densities
and much smaller atomic densities.

2.2.1

Indications of halo structure

The first observation of halo structure in nuclei heavier than the deuteron was the
measurement of an enhanced electromagnetic transition between the bound states of
11

Be by Millener et al. [43] in 1983. In this experiment,

11

Be was produced in the

reactions 9 Be(t,pγ)11 Be and 3 H(9 Be,pγ)11 Be. The lifetime of the first-excited state
at 0.320 MeV was measured using the Doppler shift attenuation method.
In this method, the lifetime of a state is measured by comparing two γ-ray energy
spectra. The first spectrum is taken with a thin production target, with the recoil
being allowed to travel away from the target through vacuum. The second spectrum
is taken with a thick backing for the production target, generally of a high-Z material,
so that recoils are decelerated. A different Doppler shift is observed in the two spectra,
giving the change in velocity of the recoil between the time of production and the time
of decay. Using the known stopping power of the target foil backing, it is possible to
deduce the lifetime of the state. The half-life of the first excited state was measured to
be 166±15 fs, corresponding to an extremely large B(E1) value of 0.36(3) Weisskopf
units.
Notably, this value could not be reproduced in models using harmonic oscillator
basis states. This is because the states in this basis are spatially well-confined by
the shape of the quadratic potential above the particle emission threshold. A more
concrete connection to radial diffuseness lies in the electric multipole operator for a
core and a neutral halo particle, which is used to predict B(Eλ) values in a simple
cluster picture [57]:

9

ME (λ, µ) = Zc e

Ah  λ λ
r Yλµ
A h + Ac

(2.1)

Here, Zc e is the charge of the core, Ah is the number of nucleons in the halo, Ac
is the number of nucleons in the core, and the Ylm are the spherical harmonics. The
factor of rλ gives weight to the outer extremities of the wavefunction. Elevated values
of B(Eλ) thus provide a strong indication of the anomalous structure of these states,
although this was not immediately recognized.
A second indication of dramatically extended nuclear densities in certain nuclei
was observed by Tanihata et al., [63] from a systematic study of the lithium
isotopes with increasing neutron number. In one of the first experiments to utilize
fragmentation beams, the total interaction cross section was extracted for each bound
isotope on a carbon target at a beam energy of 790 MeV per nucleon. This was done
by identifying impinging ions and outgoing beam-like ions. Nuclei that did not change
in proton or neutron number were considered to be unreacted. The ratio of reacting
to unreacting particles was then used to extract cross sections and nuclear-matter
radii in a Glauber model.
A large jump in radius was observed for

11

Li, as shown in Figure 2.4. This was

interpreted to be the result of a large deformation or dramatically extended wavefunction tail for that isotope. A similar effect was also observed for the A = 11 and
12 isotopes of beryllium in a later study [64], associating the effect with loosely bound
nuclei.
The quadrupole moments of

11

Li and 9 Li were subsequently measured by Arnold

et al. [2]. Lithium-11 was shown to be only slightly more deformed than 9 Li, with
the ratio of quadrupole moments |Q(11 Li)/Q(9 Li)|=1.14(16). The authors concluded
that this was consistent with models describing

11

Li as a 9 Li core surrounded by two

loosely bound neutrons with diffuse wavefunctions.

10

Figure 2.4: The evolution of nuclear radii, as presented by Tanihata et al. [63]
The question of composition for the halo was answered by Blank et al., [14] who
compared total charge-changing reaction cross-sections. It was shown that chargechanging reactions, which represent roughly 90% of total interaction cross-sections
for stable nuclei, contribute only 43±10% for

11

Li. This established the existence of

a neutron halo in that isotope.

2.3

Previous experimental studies on

The structure of the low-lying states of

11

11

Be

Be have been studied via several different

methods. As has already been mentioned, the ground-state structure was studied
via electromagnetic transitions by Millener et al. [43] and total reaction cross-section
measurement by Tanihata et al. [64]. Significant attention has subsequently been
drawn to quantifying how decoupled the halo neutron is from the core, i.e., to what

11

extent the two bound states, which are both halo states, can be thought of as a
valence neutron bound to an inert

10

Be core. Spectroscopic factors are an indication

of this quality, as will be discussed in greater detail in Chapter 3.
Two measurements of the reaction

10

Be(d, p)11 Be were made in standard kine-

matics by Auton at Ed = 12 MeV [7] and Zwieglinski et al. at Ed = 25 MeV [77].
Spectroscopic factors were extracted in each of these studies for both bound states.
More recently, spectroscopic factors for the ground state have been extracted for one
neutron knock-out [4], (p, d) in inverse kinematics [22, 74], and nuclear [39, 24, 51]
and Coulomb [24, 51] break-up, all utilizing short-lived

11

Be beams.

Spin and parity assignments were made for the low-lying states based on studies of
the reaction 9 Be(t,p)11 Be by Pullen et al. [54], Ajzenberg-Selove et al. [1], and Liu and
Fortune [40]. The natural widths of several resonances were also measured in these
experiments. Spins, parities, level energies, logf t values, and spectroscopic factors
were extracted for several resonances via β-delayed neutron emission by Hirayama
et al. [27]. Relative decay widths were used to measure branching ratios for neutron
decay to the two bound states following 9 Be(16 O,14 O) by Haigh et al. [25].

2.3.1

Reanalysis of (d,p) experiments

The analyses of (d,p) data by Auton (at Ed =12 MeV) and Zwieglinski et al. (at
Ed = 25 MeV) were limited by the techniques for calculating single-particle crosssections available at that time, i.e., implementations of the distorted wave Born
approximation (DWBA) and coupled-channels Born approximation (CCBA). Finite
range effects were accounted for simply using a local energy approximation (LEA).
The uncertainties associated with those methods have been demonstrated to be
as high as 30% for exotic systems. Furthermore, the cross-sections measured by
Auton were normalized using a method dependent on optical model calculations of

12

elastic scattering cross-sections. This introduces an additional 30% uncertainty in
spectroscopic factors extracted from those data.
Several relevant advances have been made in the 40 years since those experiments
were performed. The most important advances were the introduction of the adiabatic
and continuum discretized coupled channel methods of accounting for coupling to
break-up [30, 6], and inclusion of finite-range effects using transfer operators that are
explicitly finite-range [31]. The merits and limitations of each of these techniques will
be described in greater detail in Chapter 3. The availability of cross-section data and
recent studies of the inverse reaction [22, 74] have made

10

Be(d,p) an interesting test

case for these advances in (d,p) reaction theory.
Timofeyuk and Johnson [68] have reanalyzed the data of Zwieglinski et al. for
the ground state, using adiabatic wave functions to approximate break-up in both
the entrance (deuteron) and exit (halo nucleus) channels. Coupling to excitation
of the

10

Be core was not included, and local energy approximations were used

to correct for finite range effects.

The results of those calculations are shown,

assuming a spectroscopic factor of one, in Figure 2.5. Calculations are shown with
and without the use of an adiabatic wave-function in the exit channel, referred to
as recoil excitation and break-up (REB) effects in Figure 2.5(a). Optical model
parameterizations were extracted in the study from the data of Watson et al. [73],
the results of which are compared in Figure 2.5(b). The calculation that fits the
data best, P3-D2, corresponds to a spectroscopic factor of 0.44 for the ground state,
significantly lower than the value of 0.77 found by Zwieglinski et al. [77].
The data were most recently reanalyzed by Keeley et al. [33] using a coupledchannels formalism to address both sets of data for each bound state.

The

continuum discretized coupled channels (CDCC) prescription was applied for coupling
to deuteron breakup, as well as the full finite-range coupled reaction channels (CRC)
method for the transfer component. The Reid soft-core nucleon-nucleon potential
13

Figure 2.5: Differential cross-sections for 10 Be(d,p), populating the ground state of
11
Be. Dots represent the experimental data of Zwieglinski et al. The calculations
of Timofeyuk and Johnson compare inclusion and exclusion of recoil excitation
and breakup effects in (a), and dependence on optical model parameterizations is
demonstrated in (b). Taken from Timofeyuk and Johnson [68].
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Table 2.1: Experimental and theoretical neutron spectroscopic factors extracted for
the dominant configurations of the bound states of 11 Be.
Ex
0
0.32

Jπ
1/2+
1/2−

S Experiment
0.73∗ , 0.77† , 0.44‡
0.63∗ , 0.9†

S Theory
0.96§ ,0.78¶
0.75§ ,0.87¶

was used to calculate the n − p wave functions. The deuteron optical potentials were
taken from Watson et al. [73] for the data at 12 MeV and the JLM prescription for
the data at 25 MeV.
Using spectroscopic factors calculated by Vinh Mau [72], the calculated crosssections were found to be consistent with the data of Auton for both bound states
and the data of Zwieglinski et al. for the ground state. A large discrepancy was found,
however, for population of the first excited state at Ed = 25 MeV. The calculated
cross section under predicted the data by approximately 30%. A discrepancy remains
if the spectroscopic factor is changed to be consistent with alternative calculations
(e.g. Nunes et al. [47]), since the data at Ed = 12 MeV are consistent with the
calculations at that energy. Although the overall normalization of the Auton data is
suspect, the relative normalization for the two states should be reliable. A summary
of extracted spectroscopic factors is presented in Table 2.1.
To clear up the discrepancies in this picture, the current study presents a set of
experiments that have been performed to make a precise measurement of differential
cross sections for 10 Be(d,p) at several beam energies. The experiments were performed
in inverse kinematics at Ed = 12, 15, 18, and 21.4 MeV. These measured cross
sections will be compared with calculations performed using the DWBA and adiabatic
methods. Cross sections will also be presented for elastic and inelastic deuteron
scattering on

10

Be and (d,p) to unbound states in

15

11

Be.

Chapter 3
Theoretical Considerations
This chapter lays a foundation for the observations that will be presented later by
introducing a framework for understanding spectroscopic factors and the methods
used in the present study.

3.1

Modeling Nuclear Structure

The atomic nucleus is a quantum-mechanical many-body system. It is composed of
two kinds of fermions, protons and neutrons, whose motion can be described using
a language of wave functions. The challenge of modeling nuclear structure is thus
similar to the problem of electrons in an atom. Nuclei differ from atoms, which
are bound by the central electromagnetic attraction of the nucleus, in that nuclei
are bound exclusively by the mutual interaction of the nucleons. This fact makes
accurate calculations more difficult in the nuclear case. The interactions that can be
treated as perturbations in the case of atoms become the dominant source of binding
energy in nuclei. Furthermore, the nucleon-nucleon interaction can not be completely
characterized by a central potential. Spin degrees of freedom and three-body and
higher order interactions are also important for a precise description. Many of the
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phenomena evident in nuclei can, however, be reproduced simply using appropriate
models. Fitting appropriate tools to the interesting questions is thus an overarching
theme in the field of nuclear physics.

3.1.1

The Nuclear Hamiltonian

In order to understand the definition and role of spectroscopic factors, it is helpful to
introduce a generic model for calculating nuclear structure. Nucleon kinetic energies
in a nucleus are on the order of tens of MeV. From the corresponding speed of a
nucleon, it is clear that nuclei can be described non-relativistically. The many-body
Schrödinger equation thus provides an appropriate description [15]:

HΨα (r1 , r2 , ..., rA ) = Eα Ψα (r1 , r2 , ..., rA ).

(3.1)

Here, Eα is the energy eigenvalue corresponding to the wave function Ψα . The
Hamiltonian H includes a sum of the kinetic energy terms for each nucleon and
potentials due to interactions between two nucleons:
A
X
~2 2 X
∇ +
Vij + ...,
H=
2µi i
i=1
i6=j

(3.2)

where µi is the reduced mass for the ith nucleon. For the sake of simplicity, N > 2
body interactions, intrinsic spin, and other degrees of freedom are neglected in this
development. For an exact treatment, additional terms for three-body and higherorder interactions should also be included.
Computation of the eigenvectors and eigenvalues of the Hamiltonian operator can
be simplified by introducing an average interaction experienced by each nucleon, i.e.,
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a mean-field potential. The Schrödinger equation is then written in terms of a singleparticle Hamiltonian, h(ri ), which includes a mean field potential U (ri ):

 ~2 2
∇i + U (ri ) φk = k φk (ri )
h(ri )φk (ri ) =
2µi

(3.3)

for single particle wavefunctions φk and eigenenergies k . Adding and subtracting the
mean field potential from the many-body Hamiltonian, we are left with a residual
nucleon-nucleon interaction term, Ṽij :
A
A
A
X
X
X
X
 ~2 2
 X
Vij −
Ui =
h(ri ) +
Ṽ (ri , rj ).
H=
∇i + Ui +
2µ
i
i=1
i=1
i=1
i6=j
i6=j

(3.4)

The residual interaction represents the portion of the original two-body interactions not accounted for in the mean-field potential. Ideally, since the residual
interaction can only be treated in an approximate way, its effect is minimized
by selection of a realistic mean-field potential. The solutions to the many-body
Schrödinger equation can then be represented as Slater determinants of the single
particle states of the individual nucleons.
The role of the residual interaction is to introduce configuration mixing between
states within the basis [75]. In an independent particle model, the residual interaction
is neglected and the states occupied by the individual nucleons are precisely the
solutions of the single-particle Hamiltonian.

3.1.2

Spectroscopic factors

Spectroscopic factors indicate how well a nuclear state can be represented by a single
particle state in a given basis. The spectroscopic factor for a single nucleon can vary
from nearly zero (for a severely mixed state) to one (for an uncorrelated, pure singleparticle state)∗ . Spectroscopic factors calculated in an independent particle model
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are always one. As the residual interaction is turned on, the spectroscopic factor
decreases.
Quantitatively, a spectroscopic factor is defined as the square of the overlap
function [29],
A
A
(lj; r)|2 ,
(lj) = |OA−1
SA−1

(3.5)

where
A
(lj; r)
OA−1

Z
X
=
hA − 1kãnlj kAiφnlj (r).

(3.6)

n

Here, ãnlj is the single particle annihilation operator for a particle with quantum
numbers nlj, and φnlj is the wave function for that single-particle basis-state.
The overlap function is summed over the discrete bound states and integrated
over continuum states with appropriate quantum numbers l and j.

Using this

definition, spectroscopic factors are not model dependent, since the overlap is
summed/integrated over a complete basis [42]. The double bars k denote a reduced
matrix element, which does not depend on angular momentum projections M .
In order to extract spectroscopic factors from experimental data, further model
dependence is introduced. In shell model calculations and experimental deductions
of spectroscopic factors, the definition is simplified to include only one term of the
sum in Equation 3.6, i.e., one single-particle state, and neglect the integral term [29]:
Snlj = hA − 1kãnlj kAi2 .

(3.7)

A spectroscopic factor can be deduced from an experimentally measured cross-section
of a single-nucleon transfer reaction using the relation [5]
dσDW BA
dσexp
= S exp
,
dΩ
dΩ

(3.8)

∗
Spectroscopic factors are also sometimes defined in a way that is normalized to the degeneracy
of a state, 2j + 1.
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where dσDW BA /dΩ is the differential cross-section for the appropriate single-particle
state calculated using a distorted wave Born approximation.

Differential cross-

sections calculating using the adiabatic distorted wave approximation also scale in
this way. Spectroscopic factors can be extracted using coupled channels formalisms
by scaling the amplitude of the transfer operator. Experimental spectroscopic factors
are inherently model dependent based on the choice of a final-state single particle wave
function, and are subject to uncertainties associated with the method of calculation.
It is also possible to assign an orbital angular momentum quantum number to
a state by comparing the angular dependence of the dσDW BA /dΩ with that of the
measured data to find the best fit. Methods of calculating differential cross-sections
are discussed in Section 3.2.

3.1.3

Model space truncation

In a nuclear shell model, residual interactions couple single-particle states together,
making it necessary to include an infinite number of basis states for an exact result.
To make computations finite, the basis must be truncated. This is often done on the
basis of energy considerations, i.e., single-particle states with eigenenergies sufficiently
different from the Fermi level are excluded.
Shell structure is a dominant feature of the nuclear chart, evident in extensions of
the drip lines for closed shell nuclei. The single-particle shell gaps provide a natural
method of truncation. In stable nuclei, the location of the shell gaps correspond to
gaps in a harmonic oscillator mean field with spin-orbit coupling, as is illustrated in
Figure 3.1.
To calculate the structure of

11

Be, it is important to include both couplings

between low lying basis states (in light of the deformation of the

10

Be core) and

couplings to scattering states (in order to reproduce the halo structure of the
bound states). Large-basis shell model calculations have been performed for
20

11

Be

Figure 3.1: Shell structure in the harmonic oscillator basis, after Wong [75].
Total occupation numbers for the harmonic oscillator shells match the nuclear magic
numbers after the addition of spin-orbit splitting of appropriate magnitude.
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by Forssén et al. [23]. A No-Core Shell Model method was employed, i.e., a harmonic
oscillator basis was used without lower truncation. It was found that the 2s1/2
state, which is found to be high in excitation energy relative to the 1p1/2 state
if the residual interaction is neglected, falls in excitation energy as the number of
active basis states is increased. The 2s1/2 state remains higher than the 1p1/2 for
the largest feasible basis. A spectroscopic factor of 0.82 is reported for the 2s1/2
ground state. It is noteworthy that this spectroscopic factor is associated with a
harmonic oscillator basis. Conventionally, experimental spectroscopic factors are
extracted using single-particle wave functions generated by a Woods-Saxon binding
potential with a standard radius and diffuseness. The difference in bases introduces
an ambiguity to comparisons between spectroscopic factors from harmonic oscillator
bases and experimental extractions.
It is possible to approximate the behavior of the core of

11

Be using a collective

model. The calculations of Vinh Mau [72] and Nunes et al. [47], the results of
which are mentioned in Section 2.3.1, use this approach. A Woods-Saxon meanfield potential is used to calculate single-particle wave functions and eigenenergies
for the halo neutron in both calculations. The calculations performed by Vinh Mau
follow the method of Bernard and van Giai [13], wherein single-particle states for
a neutron are coupled to a vibrational core via the random phase approximation.
Similarly, in the calculations made by Nunes et al., coupled Schrödinger equations
are solved explicitly for a rotational core.

3.1.4

Special features for neutron-rich nuclei

In recent years, as attention has shifted to nuclei away from the valley of stability,
several discrepancies with naive shell model predictions have emerged. Level inversion
in the structure of neutron-rich beryllium isotopes is an example of those effects.
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The proximity of particle emission thresholds in exotic nuclei plays a key role in the
distinction between stable and exotic nuclei. Specifically, for nuclei far from stability,
realistic mean-field potentials become shallow and diffuse, spin-orbit interactions
become less important, and bound states are strongly coupled to the continuum via
pairing (see [19]). Shell gaps are thus less pronounced, and the picture of a nucleon
in a state which is purely single-particle is not accurate.
The harmonic oscillator basis set, which is useful in the case of stable nuclei,
includes only localized states and excludes scattering states. Since coupling to the
continuum is important in weakly bound nuclei, only very large bases are appropriate
for calculating the structure of halo nuclei in the harmonic-oscillator potential (see,
for example, [45]). Smaller bases that include scattering states have proven to be
most appropriate for those nuclei (see, for example, [52]). The quadratic harmonicoscillator potential is compared with a more realistic Woods-Saxon potential in Figure
3.2.

3.2

Techniques for calculating differential crosssections

Several methods are available for calculating differential cross-sections for (d,p)
reactions. In choosing an appropriate method of analysis, a balance must be struck
between those methods that are exceedingly precise and difficult to implement and
those that are simple to use but introduce large uncertainties. Experimentalists have
traditionally invoked the Distorted Wave Born Approximation (DWBA) to extract
spectroscopic factors from transfer experiments. The deficiencies of this method are
unfortunately emphasized by reactions involving exotic nuclei. In the current study,
results of the DWBA method will be compared with those of the adiabatic prescription
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Figure 3.2: Single-particle potentials. The Woods-Saxon potential is often used
to approximate nuclear potentials. In the case of charged particles, a Coulomb
interaction term may be added. The quadratic harmonic oscillator potential
approximates the nuclear potential in the case of deeply bound systems.
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introduced by Johnson and Soper [30]. The more modern Continuum Discretized
Coupled Channels approach will also be described briefly.
In the single-channel DWBA and AWBA methods, differential cross-sections for
transfer reactions are calculated from the modulus of the transition amplitude T [5]:
µα µβ  kβ 
dσ
2
=
Tβα (kβ , kα ) .
dΩ
(2π~2 )2 kα

(3.9)

Here µi is the reduced mass and ki the momentum in partition i. The transition
amplitude is written in the form
ZZ
Tβα (kβ , kα ) =
(−)∗

where χβ

(−)∗

drα drβ χβ

(kβ , rβ )φn V ψ (+) (kα , rα ),

(3.10)

represents a distorted wave for the exit channel proton, φn is the neutron

bound-state wave function, V is the transfer interaction operator, and ψ (+) (kα , rα ) is
the exact wave function of the deuteron-target system in the entrance channel.
The difference between the two methods lies in what approximation is made for
the initial-state wave function, ψ (+) (kα rα ). Since the wave function is not known or
even observable, model dependence is inevitably introduced at this step. The transfer
operator V must also be treated approximately, and is typically represented by a sum
of optical potentials for the proton-neutron and proton-target systems, subtracted by
a neutron-target binding potential.
In the DWBA, a scattering wave function χ(rα ) is calculated by solving the
Schrödinger equation for an optical potential. The product of χ(rα ) and a deuteron
ground-state wave-function φ0 is then substituted for ψ (+) (kα , rα ):
ψ (+) (kα , rα ) ≈ χ(rα )φ0 .
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(3.11)

The optical potential is complex, and takes the form of a volume Woods-Saxon
potential, a surface potential formed by the derivative of a Woods-Saxon, and a
spin-orbit term:

Vopt (r) =

Vvol + iWvol
1+e

r−rvol
avol

d h Vsurf + iWsurf i 1 d h Vso + iWso i
+
+
.
r−rsurf
so
dr
r dr 1 + e r−r
aso
asurf
1+e

(3.12)

The imaginary terms of the potential remove flux from the elastic channel, and are
used to model the effects of competing reaction channels. The optical potential is
optimized to the particular deuteron-target system by fitting to deuteron elastic
scattering data. Absorption is often confined to the surface term, with Wvol and
Wso set to zero. The effects of deuteron break up are neglected except for their
influence on the absorptive imaginary term of the optical potential. This introduces
a significant source of uncertainty for beam energies above the Coulomb barrier, since
elastic scattering is largely peripheral while transfer and break-up processes occur at
the nuclear surface or interior.
The deuteron is bound by only 2.2 MeV. This makes treatment of deuteron
break up important, especially for beam energies above Ed =20 MeV. In the
adiabatic approximation of Johnson and Soper, break up is taken into account in
an approximate way. The approximation takes advantage of the limited range over
which the the initial-state wave function in Equation 3.10, ψ (+) (kα , rα ), is required,
i.e., over the range of the interaction V . For a zero-range interaction, ψ (+) (kα , rα ) can
be approximated as a product state as before, using a wave function χ(rα ) generated
by a sum of individual neutron-target and proton-target optical potentials with the
two nucleons sharing identical position:

Tr + Up (r) + Un (r) − (E − 0 ) χ(r) = 0.
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(3.13)

Here, Tr is the kinetic energy operator corresponding to the position variable r, 0
is the ground state energy of the deuteron, and E is the incident deuteron energy.
The optical potentials Up and Un are determined by fitting to neutron and proton
elastic-scattering data at half of the incident deuteron energy. A finite-range adiabatic
approximation was also introduced by Johnson and Tandy [31]. These methods have
been shown to be significantly more precise than the DWBA, and maintain similar
ease of implementation [48].
In both methods, the neutron wave function is calculated from a Woods-Saxon
potential with an additional spin-orbit term. Strictly speaking, spectroscopic factors
extracted with this method should be compared to those calculated using Equation
3.7 and the wave functions and annihilation operator generated from the same binding
potential.
For reactions involving exotic nuclei, there can be a multitude of open reaction
channels. It is sometimes possible to continue to treat the effects of these couplings in
approximate ways (e.g., using an adiabatic wave function to treat coupling to breakup of the product nucleus), but it is preferable to treat the couplings explicitly. This
is done by solving a set of coupled Schrödinger equations to determine the whole of
the T matrix, rather than a specific matrix element. This method is more accurate,
but carries additional complexity and a detailed description is outside the scope of
the current study. Important models include the Coupled Reaction Channels (CRC)
method for coupling to intermediate bound states, and the Continuum Discretized
Coupled-Channels (CDCC) method for deuteron and product nucleus break-up. In
coupled channels methods, simple scaling of differential cross-sections loses physical
significance because transfer is coupled to other channels in both directions.
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Chapter 4
Equipment and Experimental
Methods
“I know what I do.”
–Brian Moazen
The

10

Be(d,p)11 Be reaction was performed in inverse kinematics at the Holifield

Radioactive Ion Beam Facility (HRIBF)[10] at Oak Ridge National Laboratory. As
part of a larger program of (d,p) experiments at the HRIBF [32, 67], the present study
has lead to the development of several novel experimental tools. In particular, the
experiment was performed during the first campaign to take advantage of batch mode
10

Be beams, with the first full implementation of the Oak Ridge Rutgers University

Barrel Array (ORRUBA) [50] and three new systems for recoil detection: a fast
ionization chamber, dual MCP detectors, and the QQQ-array of silicon detectors.
These experimental tools are described in detail in this chapter, as well as the wellestablished method of CD2 target fabrication and the Silicon Detector Array [9],
which has already been used in many experiments.
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4.1
The

10

Beam production and delivery
Be beams required for this experiment were produced using a batch-mode ion

source and the Tandem electrostatic accelerator at HRIBF. In this mode, atoms of a
long-lived radioactive isotope are deposited in a copper pellet and accelerated from
a conventional cesium sputter source in the same way as a stable ion beam. This
system provides reliable beams with low emittance and rates up to 107 particles per
second. A new ion source was fabricated for this campaign of experiments.
The ion source pellet was prepared from a highly enriched solution of beryllium in
hydrochloric acid, which had been mass separated so that it contained only A = 10
isobars. A small amount of boron was also present from β − decay during the long
period of storage.
In order for ions to be accelerated in the Tandem, it was necessary that they
be extracted from the source in a negative charge state. Since beryllium atoms do
not make negative ions easily, they were extracted in the presence of oxygen gas to
form BeO− . The BeO− ions were accelerated by the tandem in this form and the
oxygen atoms were removed by a stripper foil at the upper terminal. The remaining
beryllium ions were accelerated in a positive charge state. A second stripper foil was
placed one-third of the way down the second half of the tandem in order to bring the
ions to a charge state of +4 and maximize the beam energy. The slits in the bending
magnet at the base of the tandem were used to reject beam contaminants with a
resolution in magnetic rigidity of one part in 100. It was necessary in this case to
employ a third stripper foil immediately upstream of the analyzing magnet to push
10

B contamination into a charge state of +5 so that they were rejected in the mass

analyzing magnet.
The experiment was performed with

10

Be energies of 60, 75, 90, and 107 MeV.

Boron beams were also utilized at each energy to characterize possible contamination
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reactions. For the 60, 75, and 90 MeV beams, beam particles were identified using an
ionization chamber. No boron contamination was found in the particle identification
plots for the data taken with beryllium beams. The data at 107 MeV were taken
before the new, fast ionization chamber was built, hence other methods for recoil
detection were employed. Data were taken with a mixed beam (approximately 50%
10

B and 50%

10

Be) on a thick CD2 target to determine what background could be

expected if contamination were present in the beam. The strong peaks at 0 and 2.5
MeV shown in the bottom panel of Figure 4.1 correspond to transfer on

10

B, and are

absent in the beryllium data sets (upper panel). This led to the conclusion that the
level of

10

B contamination could be no more than 0.5% at the reaction target.

The procedure used for measuring the beam rate took advantage of an ionization
chamber (in the case of the 60, 75, and 90 MeV data) or MCP detector (in the
case of the 107 MeV data) and elastic scattering. The ionization chamber and MCP
detectors used will be discussed in detail in the following section. Data were taken
at beam rates low enough for reliable counting to determine the ratio of incident
beam particles to elastically scattered deuterons measured within an angular bin.
The count rate of elastically scattered deuterons in the same angular bin could then
be used to determine beam rates without requiring that the recoil detectors count at
a few million particles per second. A sieve was put in place in front of the ionization
chamber, reducing the measured beam rate by a factor of 7.381. This was done so
that beam rates up to 106 could be taken with minimal effects from pile-up in the
ionization chamber. MCP detectors were used without a sieve to count at beam rates
up to 5x105 at 107 MeV. For the main data-taking runs, beam rates of approximately
5x106 were used at each energy.
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Figure 4.1: Q-value spectra for 107 MeV beams. The data in the upper panel were
recorded with a pure 10 Be beam and a CD2 target with a thickness of 185 µg/cm2 .
The data in the lower panel were recorded with a mixed beam (≈50% 10 B and ≈50%
10
Be), and a CD2 target with a thickness of 300 µg/cm2 . Slight shifts in Q-value in
the lower panel are due to additional proton energy loss in the thicker target.
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4.2

Detectors

Charged-particle detection is a central element of (d,p) reaction measurements.
Detectors are employed for particles in two different mass regimes: Light ions,
including protons emitted from the (d,p) reaction and elastically scattered deuterons,
and heavy particles like unreacted beam and recoils from (d,p) and elastic scattering
reactions. For experiments performed in conventional kinematics, i.e., with a beam
of light ions, the energies and angles of beam-like particles can be measured with
excellent resolution with electromagnetic spectrometers, emulsion plates, and small
surface-barrier silicon detectors. Heavy-ion detection was not typically necessary.
Experiments in inverse kinematics are performed with beam rates that are smaller by
multiple orders of magnitude, so it is helpful to have simultaneous detector coverage
for as large a portion of the relevant solid angle as possible. Furthermore, it is helpful
to detect beam-like particles that are confined to trajectories very near the beam axis
and have relatively high energies. Several advances have been made to address these
issues. A schematic image of the detector setup used in the present study is shown
in Figure 4.2. The remainder of this section provides detailed descriptions for each
detector system.

4.2.1

Micro-channel plate detectors

The magnitude of the differential cross-sections for neutron transfer was the most
important observable in this experiment. In order to make this measurement, it was
necessary to measure beam rates up to 106 particles per second (pps). There are
two main techniques used for measuring beam rates. Beam currents greater than 10
pA (i.e. ∼107 pps) can be measured by depositing the beam on to a Faraday cup
and recording the current that is drawn to prevent the electrode from acquiring a
non-zero net charge. Currents less than 10 pA are difficult to measure with better
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Figure 4.2: Detector setup. The beam axis is shown from upper right to lower left.
The QQQ Array and Dual MCP Detector were replaced by an ionization chamber
for the experiments at 12, 15, and 18 MeV.
than 10% precision because of electronic noise. Lower beam rates (<106 pps) can be
measured by counting pulses that are induced by each individual ion. Pulse-mode
counting can be performed with an accuracy of approximately 10% if the width of the
collected signals is less than one-tenth of the average time between signals. Thus pulse
counting at a rate of 106 pps can only be done if the collected signals are shorter than
100 ns. Additionally, any apparatus exposed to this beam rate must not be sensitive
to radiation damage.
Micro-channel plate (MCP) detectors, used in conjunction with a thin foil for
secondary electron production, fit both of these criteria [61]. The signals generated
by these detectors have rise times of around 2 ns, and degradation in the setup is slow
because the active elements are exposed to 1 keV secondary electrons rather than the
100 MeV heavy ions.
Figure 4.3 shows a schematic representation of such a detector. Low-energy
electrons are ejected from the surface of a conducting foil by passing beam ions.
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These electrons are accelerated and redirected by grids held at appropriate voltages,
and arrive at the MCP with energies around 1 keV. An electron hitting the interior of a
channel ejects many more electrons. After many collisions, an electron multiplication
factor of ∼106 is realized. Two MCPs are used together with their channels in a
chevron orientation to prevent feedback which would be induced if positive ions
ejected inside the MCPs were accelerated back towards the target. Finally, the current
drawn when these electrons strike an anode plate produces a pulse, whose timing can
be measured with sub-nanosecond resolution.

Figure 4.3: Single MCP operation

The counting efficiency of such a setup is dependent on the number of electrons
ejected from the target by the passing beam particles. Since low energy electrons
ejected from atoms in the inner volume of the foil are typically re-absorbed, the
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number of electrons ejected depends mostly on the energy loss of the passing beam
particles at the surface of the foil. The energy loss is characterized by the Bethe-Bloch
formula:
4πe4 z 2
dE
=−
N ZB
dx
m0 v 2

(4.1)



v2
v2
2m0 v 2
− ln 1 − 2 − 2 .
B ≡ ln
I
c
c

(4.2)

where

In these expressions, E is the energy of the projectile, x is the spatial coordinate
along the trajectory, ze and v are the charge and velocity of the projectile, m0 is the
rest mass of the electron, and N and Z are the number density and atomic number
of the absorber atoms. I is an experimentally determined parameter representing the
average excitation and ionization potential of the absorber material.
It follows that secondary electron production varies with the square of the charge
of the projectile and inversely with its energy. The detection efficiency is close to
unity for beams with Z & 7 and Ebeam ≈ 5 MeV/µ, but decreases for lower Z and
higher energy. This can be accounted for in the analysis if the efficiency is measured
accurately. A compact assembly with an MCP viewing each side of a single foil was
developed for this purpose, as shown in Figure 4.4.
Using this assembly, measurements were taken of the count rate of each set of
plates and the count rate of signals that were coincident in time. The counting
efficiencies of the two detectors and the total number of particles passing through the
foil could be calculated in the following way:

Efficiency of detector 1 =
Total beam rate =

Number of coincident counts
Number of counts in detector 2

Number of counts in detector 1
.
Efficiency of detector 1
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(4.3)
(4.4)

Figure 4.4: Dual MCP assembly. Electrons are ejected from a thin foil by impinging
ions. The electrons are accelerated and guided electrostatically using grid planes. The
electrostatic mirror grid planes are not shown in this photo.
Due to irregularities on the surface of the foil on the distance scale of angstroms,
the number of electrons ejected and the amplitude of the resulting signal varies for
each passing ion. Thus there is no correlation between the time integral of the signal
and the energy of the ion. For this reason, the data acquisition system used for this
detector only recorded the timing of the signal. A constant fraction discriminator
was used in conjunction with a fast amplifier for this purpose. Constant fraction
discriminators work by subtracting from the original signal a copy of the signal scaled
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by a constant fraction, less than one, of the original height with a small delay. The
threshold is typically adjusted to reject nearly all electronic noise and record only
signals which come from real events. If some of the signals are smaller in amplitude
than the noise, this will result in counting efficiencies less than unity.
The assembly was debugged using 5.805 MeV α particles from a
and a

12

244

Cm source

C beam at several energies. The energy dependence of the efficiency of

the assembly is illustrated in Figure 4.5. To test the accuracy of the Dual MCP
efficiency measurement, a surface-barrier silicon detector was placed down beam of
the Dual MCP. Counting measurements were taken for signals in the independent
silicon detector and for coincidences between this detector and each detector in the
Dual MCP assembly to measure the efficiency of each detector. One source of error
in the system is double counting due to imperfect signal shape. This occurs when
the discriminator used to generate logic pulses from the analog signal generates two
pulses for a single event. One way to prevent this is to extend the length of the
output pulse of the discriminator. The deviation between the measured counting
efficiency of the logical or of the top and bottom detectors and the actual counting
efficiency is plotted versus the discriminator output width in Figure 4.6. These data
were taken using a collimated beam of α-particles, and the statistical uncertainties
for these measurements were too small to be displayed. The deviation between the
measured efficiency and the actual efficiency was less than 10% for a discriminator
width of 80 ns, as shown.

4.2.2

Silicon detectors

Detection of protons from (d,p) reactions with good energy and angular resolution is
necessary for discrimination between close-lying states in the product nucleus. Silicon
strip detectors were employed for this purpose in these experiments, including the
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Figure 4.5: Dual MCP efficiency versus total beam energy for a
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C beam.

Figure 4.6: Relative deviation of measured counting efficiency from independent
measurement versus discriminator output signal width for logical or of top and bottom
signals. The relative deviation converges to less than 10% at a discriminator ouput
width of 80 ns.
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Silicon Detector Array (SIDAR) [9], the first use of the QQQ array, and the first full
implementation of the Oak Ridge Rutgers University Barrel Array (ORRUBA) [50].
The detectors in these arrays exploit the properties of p-n junctions.

The

configuration of the junction as used for these arrays is shown in Figure 4.7. When a
p-type semiconductor is placed in thermal contact with an n-type conductor, a large
concentration gradient for electrons and holes initially exists. In response, electrons
from the n-type material migrate across the junction and fill holes on the other side.
Similarly, holes from the p-type material migrate across the junction and capture
electrons in the n-type material. This creates a space charge distribution and electric
field in the so-called depletion region as shown in Figure 4.7. When ionizing radiation
deposits energy in this region, electron-hole pairs are created and quickly transported
to the boundaries of the region by the electric field, resulting in a measurable current.
The energy required to create an electron-hole pair is 3.62 eV for silicon at room
temperature, so a particle losing 1 MeV results in the collection of more than 105
electrons. For this reason, silicon detectors have excellent energy resolution compared
to a gas-filled detector, which requires approximately 30 keV for the creation of each
ion-electron pair.
An external electric field can be applied to augment the existing field and expand
the depletion region, so that it fills the entire volume of the detector. Because this
electric field is applied in the opposite direction of the usual use of p-n junctions as
diodes, it is referred to as a reverse bias. After the initial transport of charge carriers
from the depletion region, the induced current is small because there are few free
electrons and holes available in the depletion region. A small current is conducted
by imperfections in the crystal lattice and thermally excited charge carriers. As the
detector develops more imperfections from radiation exposure, this current increases
and it becomes more difficult to deplete charge carriers in the regions of damage.

39

Figure 4.7: Configuration, space charge distribution, and electric field for a pn junction. Charge carriers are caused to migrate across the junction by the
concentration gradient.
The conductive electrodes surrounding the non-conducting depletion region form
a capacitor. This results in capacitive pick-up of ambient electrical signals. The
associated noise voltage increases with the resistance in series with the detector
signal path and the capacitance of the electrode to ground. The capacitance of this
arrangement is proportional to the area of the electrodes and inversely proportional to
the depth of the depletion region, so capacitive pick-up can be reduced by increasing
the depletion depth or decreasing the area of the electrodes. Each silicon detector
used in this experiment is segmented into strips in order to decrease the area of each
electrode and provide position resolution.
The silicon detectors were produced by implanting a large concentration of boron
dopant atoms into the surface of a silicon crystal with residual n-type character.
This was done with beam of low-energy (∼10 keV) boron ions, following a raster
to achieve a uniform layer of dopant over the area of the detector. The detectors
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were then annealed to heal the resulting radiation damage before the electrodes are
deposited and the wafers were mounted in printed circuit board frames.
The SIDAR array is composed of wedge-shaped detectors. The array can be
arranged in a lampshade configuration with six detectors as shown in Figure 4.2, or
in a flat configuration using eight detectors. In the lampshade configuration, each
detector is tilted forward 43◦ from the plane perpendicular to the beam axis. The
active area of the array has an inner radius of 5 cm and an outer radius of 13 cm.
Each detector is segmented into annular strips 5 mm wide. The strip number in which
a signal is observed thus specifies the polar angle of the trajectory of the detected
ion within an uncertainty of approximately 2◦ . The detectors used in this study were
300 µm and 500 µm thick, and have an energy resolution of approximately 30 keV
for 5.8 MeV α-particles.
The QQQ array consists of eight quadrant detectors forming two rings in a ∆EE telescope configuration. The detectors of the front layer are 140 µm thick, and
are segmented into annular strips for polar angle resolution in a similar fashion to
SIDAR. The back detectors are 500 µm thick, and are not segmented. The array was
placed down-beam from the target and used to detect target-like recoils at shallow
angles from 1◦ to 8◦ in the laboratory reference frame. By design, scattered ions pass
through the front detectors and are stopped in the backed detectors. The particles
can then be identified in Z, and to a limited extent in A, by plotting their energy
loss in the first layer, ∆E, versus their total measured energy ∆E+E. An example of
these plots is shown in Figure 4.8. Ions of the same species appear as groups on this
plot. Ions with increasing atomic number lose a larger portion of their energy in the
first layer, and appear higher on the vertical axis. For a given atomic number and
energy, ions with increasing mass travel at slower speeds, thus losing more energy in
the first layer according to Equation 4.1 and appearing higher on the vertical axis.
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Ions that punch through both detectors do not deposit their total energy in the array,
and appear on a curve bending back towards the origin on this plot.
The ORRUBA array uses rectangular detectors to form a barrel of active area
around the target, typically around 90◦ in the laboratory reference frame. The active
area of each detector is 4 cm wide and 7.5 cm long, and is divided into four lengthwise
strips to provide information about the azimuthal angle of the trajectories of detected
particles. The polar angles of the trajectories of particles are determined using the
properties of resistive electrodes. Each electrode, or strip, on the front of the detectors
is made of a resistive, narrow layer of silicon highly doped with boron, and signals
are collected at each end of the strip. The energy deposited in the detector can be
determined from the sum of the two signals, and the position of the deposition can be
found from the difference of the two signals normalized by their sum. The position
and energy resolution that can be achieved using this method is dependent on the
signal-to-noise ratio, but is typically of the order of 1 mm and 70 keV, respectively,
for light ions that reach the detector with a few MeV of kinetic energy.

4.2.3

Fast Ionization Chamber

One of the disadvantages of silicon detectors is that they are suscepteble to radiation
damage. For the second campaign with lower beam energies, the QQQ array and Dual
MCP were replaced by the newly constructed fast ionization chamber for detection
of beam-like particles. This setup eliminated the necessity of high vacuum for the
MCPs and the risk of detector damage during tuning. The design of the fast ionization
chamber was based on the Tilted Electrode Gas Ionization Chamber (TEGIC), which
was developed for use at RIKEN [34].
These designs were motivated by the need to detect beam particles at rates greater
than 104 particles per second without significant pile-up. Pile-up occurs when two
signals are nearly coincident in time so that they arrive one on top of the other.
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Figure 4.8: Particle identification plot from the QQQ array using a 107 MeV 10 Be
beam on a CD2 target. Protons, 4 He, 3 He, and beam particles are clearly resolved.
Protons are not stopped by the telescope at energies above 10 MeV.
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Figure 4.9: Schematic for the operation of a conventional ionization chamber.
Ion-electron pairs must travel several centimeters before they are collected at the
electrodes.
These detectors reduce the probability of this occurrence by collecting signals of
shorter duration.
As ions pass through a gas, they lose energy mainly through the creation of
electron-ion pairs. Ionization chambers collect these electron-ion pairs to measure
the energy lost in a region. In a traditional ionization chamber, anode and cathode
planes are aligned parallel to the beam axis, as shown in Figure 4.9. An electrostatic
potential is applied to the planes to produce an electric field and draw the ions and
electrons toward the planes. Because the ions have masses much larger than the
electrons, they tend to have a significantly longer transport time and induce signals
with long rise times. An additional Frisch grid is often used to shield the anode so
that the induced signal comes exclusively from electrons. The rise time of the signal
is then relatively fast (∼ 1µs), and is principally limited by the straggling of electrons.
One way to limit the effect of straggling is to decrease the distance from the beam
path to the anode. In a conventional configurations, this is done at the expense of
angular acceptance.
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Figure 4.10: Schematic representation of the Fast Ionization Chamber. The beam
passes through the electrodes, which are spaced 1.5 cm apart to minimize the rise
time of the induced signals.
One solution to this problem is to re-orient the system so that beam particles
pass through the electrodes, eliminating the effect of electrode distance on angular
acceptance. The Frisch grid is omitted and the electrodes are made as transparent as
possible to minimize obstruction of the beam. This configuration is shown in Figure
4.10. Grids of ultra-fine wires were used as electrodes for the fast ionization chamber
because it will be used primarily with low-energy beams, for which energy loss in
thin foils would be significant. The electrodes are not perpendicular to the beam,
but tilted to reduce recombination by drawing electron-ion pairs away from the beam
path, as shown in Figure 4.11.
Beam particles can be identified by comparing the energy lost in different portions
of the beam path. For the purposes of this experiment, the first half of the Fast
Ionization Chamber was instrumented separately from the second half. The ionization
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Figure 4.11: Operation of the Fast Ionization Chamber. The electrodes are tilted
so that electrons and gas ions are drawn away from the beam path. This reduces
recombination.
chamber was able to resolve the 10 Be ions from 10 B contaminants at the beam energy,
and confirm the purity of the beam after post-stripping.

4.2.4

Data Acquisition

A schematic representation of the data acquisition hardware used for these experiments is shown in Figure 4.12. Signals were processed using modular analog
electronics. For silicon detectors and the ionization chamber, signals were amplified
in two stages; first by preamplifiers, and then by shaping amplifiers. The preamplifiers
were connected to the detectors by short cables to minimize signal degradation
before amplification, and have the additional function of converting from high input
impedance to 50 Ω output impedance. The shaping amplifiers have internal leadingedge discriminators and output an analog signal and a timing signal. The maximum
heights of the analog signals were measured using analog-to-digital converters
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(ADC’s), and sent as a digital number to the data acquisition computer via a VME
bus. Timing signals were counted using a scaler module and communicated to the
data acquisition computer via a CAMAC crate and the VME. The logical or of timing
signals from the silicon detectors was used to trigger the acquisition. MCP signals
were processed in a similar way, except that timing signals were produced by standalone constant-fraction discriminators, and the integrals of the signals were recorded
using charge-to-digital converters (QDC’s) rather than recording amplitudes using
ADC’s. A count-down unit was used to reduce the counting rate of the scaler module
for the MCP detectors and the ionization chamber. This unit gives one output signal
for a chosen number of input signals. In this case, the rate of reduction was chosen
to be 1:256 or 1:512.

4.2.5

Targets

Since deuterium is gaseous at room temperature, deuterated polyethylene targets are
commonly used for reactions with deuterium in inverse kinematics. Light ions from
fusion-evaporation between the beam and carbon nuclei in these targets are ejected
at energies similar to protons from (d,p). This was dealt with in this experiment by
taking measurements with carbon targets for background subtraction.
The deuterated polyethylene targets were prepared from CD2 powder following
the method described by Bartle and Meyer [8]. The target material is first measured
deposited on a glass slide. The thickness of the target can be controlled by preparing
a solution with the appropriate amount of powder to cover the slide with a uniform
film of the desired thickness. For example, for a slide with area 10 cm2 and a desired
thickness of 100 µg/cm2 , 1 mg of material should be used. The material is then
dissolved in p-xylene by boiling for 15 minutes. Since p-xylene is toxic, this work
must be done in a ventilated hood. The amount of solvent should be limited to
the volume which can be kept on the surface of the slide by surface tension. For
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Figure 4.12: Schematic of the electronics setup for the silicon detectors and
ionization chamber.
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Figure 4.13: Target floating process. A glass slide with target material deposited
on the upper surface is suspended above a large beaker of distilled water. The beaker
is raised slowly using a lab jack, allowing the capillary action of the water to lift the
target material from the slide. To mount the target, a frame is lifted from beneath the
film. The frame must be oriented nearly vertically to keep the target from breaking.
a 10 cm2 slide this would be approximately 2-3 ml. If it is not possible to dissolve
the CD2 material completely in this volume, a larger volume may be used and the
material can be deposited in layers. To deposit the target material onto the slide, the
solution, still hot, is poured onto the slide and left partially covered until the solvent
has evaporated. It is important not to allow the solvent to evaporate too quickly to
preserve the uniformity of the film. If multiple layers are necessary, the process is
repeated on top of the first deposition, being careful to pour the solution on to the
slide at the same spot since this area is often less uniform than the rest of the slide.
When the solvent has evaporated, the film must be transferred to a target frame.
The film is first scored so that the area to be mounted on a frames is not connected
to the unwanted material. Next, the target is floated onto a surface of water and
mounted on a frame. The process is depicted in Figure 4.13. Carbon films were
purchased on glass slides and floated onto frames in the same way as the CD2 targets.
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The thickness of the targets can be determined by measuring the energy loss of
alpha particles that pass through the target. In a small vacuum chamber, the target
is mounted on a retractable feed-through between a suitable alpha source (typically
244

Cm, Eα = 5.805 MeV) and a silicon detector. The energy of the α-particles

is measured with the target in place so that no α-particles are able to reach the
detector without passing through the target, and again with the target removed. The
energy loss is recorded and correlated with a target thickness. For thin targets, the
energy loss is approximately proportional to the stopping power of the material for
the projectile, dE/dx:

∆E =

dE
× ∆x.
dx

(4.5)

Stopping power has been experimentally determined for many common scenarios,
and is also calculable via the Bethe-Bloche equation (Equation 4.1). Calculations for
target thickness for this experiment were done numerically using the code Stopit [16].
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Chapter 5
Results
The data for this study were collected in two experimental runs. The first run took
place in April, 2009 using a beam energy of 107 MeV (equivalent deuteron energy of
21.4 MeV), and the second data set was taken in September, 2010 at 60, 75, and 90
MeV (Ed =12, 15, and 18 MeV). The results of these experiments are presented here.

5.1

Calibrations

Each channel of electronics used to instrument the silicon detectors was calibrated
using a pulser and a mono-energetic source of α-particles.

The ADC channel

corresponding to a zero-amplitude signal was determined using a pulser. To do this,
pulses of several different known heights were injected into each preamplifier channel.
The channel numbers of these peaks were plotted versus the known pulse heights and
fitted with a line to extrapolate to zero, as shown in Figure 5.1. Data were taken for
α-particles emitted from a

244

Cm source at 5.805 MeV. The energies corresponding

to each ADC channel were then interpolated by assuming that the response of the
system is linear.
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Figure 5.1: Recorded channel number versus pulser signal height for one channel of
electronics. Zero-energy channel offsets were determined by fitting a line, as shown.
Note that amplifier response is very nearly linear.
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The ORRUBA detectors were calibrated by requiring that the measured energy
of the α-particles be 5.8 MeV uniformly along the length of the strip. For each strip,
the signal amplitudes recorded from each end were plotted against each other. The
gains of each channel were then varied to cause the line corresponding to 5.8 MeV
α-particles to have a slope of negative one and axis intercepts at the channel number
corresponding to 5.8 MeV. This was done by fitting a line to the distribution and
modifying the gains of each channel appropriately. A new fit was then performed to
confirm the suitability of the gain parameters.
Position calibrations were performed using the ends of the detectors, assuming
a linear response. Plotting number of counts versus position for α-source data, the
abscissae of the data were offset and scaled to begin at channel zero and end at a
channel corresponding to the physical end of the strip. Final alignment adjustments
were made by comparing (d,p) and (d,d) data to calculated kinematic lines.

5.2

Extraction of Q-value spectra

Angle-energy plots for SIDAR and ORRUBA at backward angles in the laboratory
reference frame are presented in Figures 5.2 and 5.3. Kinematic lines from (d,p) to
the bound states and first resonance are evident in these spectra. Since Figure 5.2
includes the six SIDAR detectors, dead strips translate into lower total counts in some
strips, including strip 3. Strip 16 was partially shadowed by the ORRUBA detectors
and was rejected. Elastic and inelastic scattering were evident at forward angles in
the laboratory reference frame, as shown in Figure 5.4.
The shapes of the kinematic lines are determined by conservation of momentum
and energy. Kinematics also constrain the trajectories of elastically and inelastically
scattered particles to forward angles. Protons from (d,p) are ejected at all angles,
but generally with decreasing probability for more forward angles in the lab frame.
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Protons from the population of states with increasing excitation energy are ejected
with decreasing energy due to the decrease in Q-value.
The SIDAR array provided an energy resolution of around 70 keV for protons,
making it possible to resolve kinematic lines from the population of the ground state
of

11

Be and the first excited state at 0.32 MeV. The data collected for these states

with a beam energy of 107 MeV are shown in Figure 5.2. The strongest kinematic
line in this spectrum corresponds to the first resonance at 1.78 MeV, having a notably
wider peak from the finite natural width of the state. Weak indications of higher-lying
resonances are also present. A considerable background from fusion-evaporation is
evident, especially at lower energies.
Protons from the population of these states were also present in the data from
the ORRUBA detectors positioned at backward angles in the laboratory frame, as
shown in Figure 5.3. The two bound states are not well resolved, but variations in the
relative cross sections over angle make it clear that two distinct states are present.
Population of the resonance at 1.78 MeV remains strong at these angles, and broad
lines from the population of resonances at 2.69 and 3.41 MeV are also clearly seen.
Several reaction channels are evident in the data from forward-angle ORRUBA
detectors. Lines from (d,d), (d,d’), and (p,p) are labeled in Figure 5.4, and several
other faint kinematic lines also appear. The detectors were shadowed by the target
ladder and frame and angles around 90◦ .
The kinematic lines associated with each reaction channel represent loci of
constant reaction Q-value, to within the width of the product states and detector
resolution. Thus plotting Q-value, rather than projectile energy, versus angle yields
horizontal kinematic lines. One-dimensional Q-value histograms were produced for
each angular bin by summing the events in the angular range of the bin. The spectra
from the detectors at backward angles are projected into one-dimensional Q-value
histograms in Figures 5.5 and 5.6.
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Figure 5.2: Energy measured in SIDAR versus strip number for data taken at
an equivalent deuteron energy of 21.4 MeV. Decreasing strip number corresponds
to increasing laboratory angle. Kinematic lines for protons from population of the
ground state, first-excited at 0.320 MeV, and a resonance at 1.78 MeV are labeled.
Proton lines from the bound states are well resolved.
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Figure 5.3: Energy measured in the ORRUBA detectors at backward angles versus
angle for data taken with a beam energy of 107 MeV. Calculated kinematic lines
from the population of five states are labeled. Background, from fusion-evaporation
on carbon and mono-energetic α-particles from 244 Cm contamination are also present.

56

Figure 5.4: Energy measured in the ORRUBA detectors at backward angles in the
laboratory versus angle for data taken at an equivalent deuteron energy of 21.4 MeV.
Kinematic lines from (d,d), (d,d’), and (p,p) are labeled. A gap in the spectrum is
evident, due to shadowing by the target ladder and frame.
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Figure 5.5: Comparison of SIDAR Q-value spectra at 140◦ in the laboratory
reference frame. Data are shown for Ed = 12, 15, 18, and 21.4 MeV from top
to bottom. Background data, taken with a carbon target, are superimposed with
hatching in the spectra for 12 and 15 MeV.
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Figure 5.6: Q-Value spectrum for data collected in ORRUBA detectors with an
equivalent deuteron energy of 21.4 MeV. The full angular range of the ORRUBA
detectors at 95◦ to 135◦ is included. Scaled background data, collected using a carbon
target, are superimposed with hatching.
A large background was attributed to fusion-evaporation products from compound
nuclei formed from beam particles and

12

C nuclei in the target. The effect of the

background at the four different beam energies is illustrated in Figure 5.5: As beam
energy increases, (d,p) proton energies increase much faster than evaporating charged
particle energies. Thus peaks from (d,p) became significantly more prominent at
higher beam energies. The background was quantified by taking data with carbon
targets. These data were scaled using regions of the spectra free from (d,p) peaks
and subtracted for the 107 MeV case, and fitted using exponential curves at the lower
energies. The decay constants of these exponentials were determined using data from
the carbon target measurements.
Angular distributions were extracted from the data by fitting curves to the Qvalue spectra for each angular bin. Samples of these fits are shown in Figures 5.7 and
5.8. These two Q-value spectra, one taken with at an equivalent deuteron energy of
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21.4 MeV and the other taken at 12 MeV, demonstrate the deterioration of detector
resolution at small proton energies. As particle energies decrease, the ratio of signal
amplitudes to noise amplitudes decreases and detector resolution is degraded.
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Figure 5.7: Fit of the Q-Value spectrum for Ed = 12 MeV. An exponential decay
was fitted to the background, with the decay constant being determined by fitting
to data taken with a carbon target. Gaussian curves were fitted for protons from
population of the two bound states of 11 Be, as labeled.
The peaks corresponding to population of the bound states, which have no natural
width, were fitted using Gaussian distributions. The widths of the two peaks were
slaved together, since the resolution of the detection system was nearly constant at
those Q-values. Peaks from the population of resonances at 2.69, 3.41, and 3.9 MeV,

60

4000

3000
2500

1500
1000

2.69 MeV

2000
3.41 MeV

Counts/80 keV

3500

0.320 MeV
Ground State

1.78 MeV

4500

500
0

-6

-5

-4
-3
-2
Q-Value (MeV)

-1

0

Figure 5.8: Fit of the Q-value spectrum for Ed = 21.4 MeV. Background data
taken with a carbon target were scaled and subtracted from the data taken with a
CD2 target. A Voigt profile was fitted to the strong peak from the state at 1.78 MeV.
Gaussian curves were fitted for protons from population of the two bound states and
higher lying resonances. The Gaussian width of the Voigt profile was determined
from the widths of the bound state peaks.
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whose widths, dominated by the natural widths of the states, were fit using Cauchy
distributions. The state at 1.78 MeV, which has a natural width comparable to the
observed resolution of the system, was fitted using a Voigt profile. A Voigt profile is a
convolution of a Gaussian distribution with a Cauchy distribution. The width of the
Gaussian portion of the peak, corresponding to broadening from detector resolution,
was fixed by the widths of the nearby bound state peaks. The Cauchy width of the
peak, representing the natural width of the state, was varied as a free parameter.
The number of events in each peak was calculated for the Gaussian and Cauchy
distributions, and via numerical integration for the Voigt profiles.

5.3

Normalization

The differential cross-sections were normalized using a two-step method. Short runs
were taken with beam rates limited to ≈ 5 × 105 for each beam energy. A fresh
CD2 target was employed to minimize the effects of radiation damage. Accurate
measurements of total beam flux were recorded for these runs, along with the yield
of elastically scattered deuterons. Deuterons were counted in well defined gates,
as shown in Figure 5.9.

Background counts were subtracted using surrounding

gates. Thus it was possible to calculate the differential cross-section dσ/dΩ for elastic
scattering according to the equation:
N (θ)
dσ(θ)
=
.
dΩ
I n ∆Ω(θ)

(5.1)

Here N (θ) is the number of reaction products measured in a bin, I is the integrated
beam current, n is the number of target nuclei per unit area, and ∆Ω(θ) is the solid
angle subtended by the active area of the silicon detectors in the bin. The efficiency
of the silicon detectors is assumed to be unity.
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Figure 5.9: Background and deuteron gates used for the two-step normalization of
data at Ed = 75 MeV.
The data taken during the high-rate runs were then normalized by comparing
elastic scattering yields, using the same deuteron and background gates. Solid angles
were calculated from the geometry of the active areas of the detector, and transformed
to the center of mass reference frame. The uncertainties associated with this method
of normalization and the extraction of spectroscopic factors are presented in Table
5.1.

5.4

Cross sections

Differential cross-sections were extracted for elastic and inelastic scattering as well as
(d,p) to the bound states in

11

Be all four beam energies. Data were also recorded for

the resonance at 1.78 MeV at Ed = 15, 18, and 21.4 MeV, and resonances at 2.69
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Table 5.1: Breakdown of systematic uncertainties for the determination of scaling
factors. Uncertainties are quoted as percentages and include only experimental
uncertainties.
Source of uncertainty
12
Solid angle coverage∗
3
Sieve rate†
1
Beam counting measurement†
5
Target thickness‡
5
Normalization run statistics
6.4
Normalization gating
5
Fitting to ang. dist. (gs)
5
Fitting to ang. dist. (0.320 MeV) 5
Total uncertainty (gs)
12
Total uncertainty (0.32 MeV)
12

Ed (MeV)
15 18
3
3
1
1
5
5
5
5
6.2 5.9
5
5
1
3
1
2
11 11
11 11

21.4
3
0
5
5
3.8
5
3
2
10
10

and 3.41 MeV from the data at 21.4 MeV. Differential cross-sections for elastic and
inelastic scattering and transfer to the bound states are presented on linear scales, as
opposed to traditional logarithmic scales, to accentuate differences in normalization at
forward angles in the center of mass reference frame. The error bars displayed in the
following plots represent only uncertainties unique to each data point, i.e., statistical
and fitting uncertainties, and neglect systematic uncertainties. All cross-sections are
tabulated in Appendix A.

5.4.1

Elastic and inelastic scattering

Elastic scattering cross-sections are presented in Figure 5.10, normalized to Rutherford scattering cross-sections. Elastic scattering cross-sections were calculated using
optical model analyses and the parameters of Fitz [21], Satchler [60], and PereyPerey [53].

The data of Auton [7] are also shown for Ed = 12 and 15 MeV.

The Auton data, which were originally normalized to calculations using the optical
model parameters of Satchler, follow the calculations using the same optical model
parameters in the current study, but do not agree with the experimental data of the
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current study. Scaled data show that the shapes of the two angular distributions
agree well at Ed = 15 MeV, where angular coverages overlap.
The optical model parameterizations of Perey-Perey were reported as functions
varying smoothly with energy, Z, and A, and were extracted for the ranges Z = 2082, A = 40-208, and Ed = 11-27 MeV. The parameters of Satchler are based on
scattering from a

12

C target, and are given for discrete beam energies between 2.8

and 34.2 MeV. Variation with energy is not smooth for that data set, however,
possibly corresponding to intricate structure in the

12

C(d,d) reaction cross-section

or experimental uncertainties that are independent for each measurement.

The

parameters of Fitz were extracted from scattering data for stable, light targets, from
beryllium to oxygen for the beam energy Ed = 11.8 MeV. The calculations in Figure
5.10 were performed using parameters for the closest available energy from Satchler
and for 11.8 MeV, universally, for Fitz.
The data at 12 MeV agree best with calculations using the optical model
parameters of Fitz and Satchler. The data at 15 MeV are significantly larger in
magnitude than any of the calculations. The data at 18 and 21.4 MeV are best fit
using the parameters of Satchler and Perey-Perey. The calculations that were made
using the parameterizations of Fitz and Perey-Perey vary smoothly, but those made
with the parameterization of Satchler do not.
Cross sections for the inelastic scattering channel, which are important for
understanding the deformation of the core and the role of two-step (d,p) reactions,
are displayed in Figure 5.11. The interpretation of these data is not yet clear.
Calculations were performed in a Coupled Reaction Channels (CRC) formalism,
using the optical model parameters of Satchler, deformation length extracted by
Iwasaki et al. [28], and reduced matrix element of Umeya et al. [70]. This is the
first measurement of inelastic deuteron scattering on
give order-of-magnitude agreement with the data.
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10

Be. Calculated cross sections

14

(a)

dσ/dΩ/dσR/dΩ

12
10

(c)

(b)

Auton
Present Study
Auton (Scaled)
Fitz
Satchler
P-P

(d)

8
6
4
2
0

30

60

0

30

60

0

30

60

0

30

60

90

CM Angle (degrees)
Figure 5.10: Differential cross-sections for elastic scattering of deuterons at 12 (a),
15 (b), 18 (c), and 21.4 (d) MeV on 10 Be.
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Figure 5.11: Differential cross-sections for inelastic scattering of deuterons at 12
(a), 15 (b), 18 (c), and 21.4 (d) MeV on 10 Be, populating the first excited state of
10
Be at 3.368 MeV.
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5.4.2

Transfer

Transfer cross sections were measured at shallow angles (≈ 3 − 12◦ ) and a separate
range at more backward angles (≈ 50 − 75◦ ) in the center of mass reference frame
at the three lower energies, and over a larger range (≈ 4 − 40◦ ) for Ed =21.4 MeV.
Protons measured at intermediate angles at the three lower energies were lost because
of detector thresholds in ORRUBA at backward angles. Cross sections at shallow
angles were most important in this case for the extraction of spectroscopic factors,
since the cross sections are strongly forward focused. Protons ejected at these angles
correspond to reactions occurring at the surface of the target nuclei.
Calculations were performed for the bound states using both the DWBA and the
zero-range adiabatic method of Johnson and Soper [30] with the reaction calculation
code TWOFNR. The code was modified to include the optical-model parameters of
Watson [73] and Koning and Delaroche [35], which were used to build the incoming
deuteron potential for the adiabatic method and for the outgoing proton in each
method. Each cross-section calculation performed with the adiabatic method used
a consistent set of parameters, i.e., parameters from the same source (for slightly
different energies) for protons in the entrance and exit channels. The optical model
parameters of Perey and Perey [53] were used for the incident deuteron in the
DWBA calculations. Standard radius and diffuseness parameters (1.25 and 0.65
fm, respectively) were used for the neutron binding potential. The local energy
approximation was used in each case to account for finite-range effects.
The calculations were scaled to fit the experimental data using spectroscopic
factors noted on the Figures 5.12, 5.13, 5.14, and 5.15. The data of Zwieglinski et al.
[77] are included for comparison. The extracted spectroscopic factors are presented
with experimental uncertainties in Tables 5.2 and 5.3.
The forward-angle cross sections are presented in Figure 5.16, with the calculations
performed and scaled as in Figures 5.14 and 5.15. The data are not well represented
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by the calculations. There is a large jump in the measured differential cross-sections
relative to the calculations at a deuteron energy of 15 MeV.
Differential cross-sections for transfer to the continuum states at 1.78, 2.69, and
3.41 MeV are displayed in Figures 5.17 and 5.18. Careful calculations for these states
are ongoing but not yet available, so only experimental data are displayed. The data
for the state at 1.78 MeV are nearly constant over the four beam energies at far
forward angles in the center of mass reference frame, except for a small jump at 21.4
MeV. The measured differential cross-sections for the states at 2.69 and 3.41 MeV
suggest a diffraction pattern, and are much lower than the differential cross section
for the 1.78 MeV state.
80
70

Watson (S=1.05)

Watson (S=1.25)

Watson (S=1.00)

Watson (S=1.10)

Watson (S=0.95)

K-D (S=0.80)

K-D (S=0.85)

K-D (S=0.65)

K-D (S=0.75)

K-D (S=0.66)

dσ/dΩ (mb/sr)

60
50
40
30
20

(a)

(b)

(c)

(d)

(e)

10
0

0

10

20

30

10

20

30

10

20

30

15

30

45

15

30

45

CM Angle (degrees)

Figure 5.12: Differential cross sections for 10 Be(d,p) at deuteron energies of 12 (a),
15 (b), 18 (c), 21.4 (d), and 25 (e) MeV populating the ground state of 11 Be, with
calculations using the DWBA. The data at 25 MeV are taken from Zwieglinski et
al. [77]. Spectroscopic factors were extracted for two different sets of exit channel
parameters, as described in the text.
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Figure 5.13: Differential cross sections for 10 Be(d, p) at deuteron energies of 12 (a),
15 (b), 18 (c), 21.4 (d), and 25 (e) MeV populating the first excited state of 11 Be,
with calculations using the DWBA. The data at 25 MeV are taken from Zwieglinski
et al. [77]. Spectroscopic factors were extracted for two different sets of exit channel
parameters, as described in the text.
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Figure 5.14: Differential cross sections for 10 Be(d, p) populating the ground state
of 11 Be as in Fig. 5.12. Calculations were performed using the adiabatic method of
Johnson and Soper[30]. The data at 25 MeV are taken from Zwieglinski et al. [77].
Spectroscopic factors were extracted for two different sets of potential parameters, as
described in the text.
69

Table 5.2: Ground state spectroscopic factors extracted for each set of potential
parameters. Uncertainties include only experimental contributions.
Ed
12
15
18
21.4
25
Average

DWBA
ADWA
Watson
Koning-Delaroche
Watson
Koning-Delaroche
1.05±0.13
0.80±0.10
0.49±0.06
0.59±0.06
1.25±0.14
0.85±0.09
0.55±0.06
0.63±0.07
1.00±0.11
0.65±0.07
0.43±0.05
0.48±0.05
1.10±0.11
0.75±0.08
0.54±0.05
0.57±0.06
0.95±0.11
0.66±0.08
0.51±0.06
0.52±0.06
1.07±0.10
0.74±0.07
0.50±0.05
0.56±0.05
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Figure 5.15: Differential cross sections for 10 Be(d,p) at deuteron energies of 12 (a),
15 (b), 18 (c), 21.4 (d), and 25 (e) MeV, populating the first excited state of 11 Be at
0.32 MeV. Calculations were performed using the adiabatic method of Johnson and
Soper[30]. The data at 25 MeV are taken from Zwieglinski et al. [77]. Spectroscopic
factors were extracted for two different sets of potential parameters, as described in
the text.
Table 5.3:
First excited state spectroscopic factors extracted for each model
with both sets of potential parameters. Uncertainties include only the experimental
contributions.
Ed
12.0
15.0
18.0
21.4
25
Average

DWBA
ADWA
Watson
Koning-Delaroche
Watson
Koning-Delaroche
0.55±0.07
0.59±0.07
0.50±0.06
0.54±0.06
0.59±0.06
0.59±0.06
0.54±0.06
0.53±0.06
0.49±0.05
0.47±0.05
0.41±0.05
0.40±0.04
0.79±0.08
0.71±0.07
0.58±0.06
0.57±0.06
0.92±0.11
0.79±0.09
0.57±0.07
0.60±0.07
0.67±0.06
0.63±0.06
0.52±0.05
0.53±0.05
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Figure 5.16: Differential cross sections for 10 Be(d,p), populating the ground state
(a-d) and the first-excited state (e-h) at more backward angles in the center of mass
reference frame. The equivalent beam energies are Ed = 12 (a,e), 15 (b,f), 18 (c,g),
and 25 (d,h) [77] MeV. The calculations are scaled identically to Figures 5.14 and
5.15.
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Figure 5.17: Differential cross sections for 10 Be(d,p) at deuteron energies of 15 (a),
18 (b), 21.4 (c), and 25 (d)[77] MeV, populating the second excited state of 11 Be at
1.78 MeV.
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Figure 5.18: Differential cross sections for 10 Be(d,p) at Ed = 21.4 MeV, populating
the third and fourth excited states of 11 Be at 2.69 (a) and 3.41 (b) MeV.
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Chapter 6
Discussion and Outlook
In this chapter, the results of Chapter 5 are compared with calculations and previous
measurements and an outlook for future transfer-reaction studies with exotic nuclei
is given.

6.1

Discussion of results

Measurements were made at four beam energies to constrain differential cross-section
calculations at each of those energies. Transfer reactions populating the first five
states in

11

Be were measured simultaneously with elastic and inelastic deuteron

scattering. Consequently, the relative normalizations for each reaction channel are
only subject to statistical uncertainties for a fixed beam energy. The uncertainty in
the overall normalization is between 10 and 12% for each beam energy.

6.1.1

Elastic and inelastic scattering

The measured elastic scattering differential cross-sections exhibit a strong dependence
on beam energy, especially in the Ed = 15 and 18 MeV measurements. The data at 12
and 15 MeV match the shape of the data measured by Auton, but differ significantly
73

in normalization. Correlation of the previous data to optical model calculations is
obvious. The discrepancy between the two measurements at 12 MeV discredit the
precision of spectroscopic factors extracted from the data of Auton.
The current elastic scattering data are reproduced reasonably well using the
parameters of Fitz at 12 MeV and Perey and Perey at 18 MeV. The measured data
at 15 MeV are underpredicted by each calculation shown by approximately 40% for
the second peak. The data at 21.4 MeV are underpredicted using the parameters
of Fitz, and over-predicted using the parameters of Satchler and Perey and Perey.
These discrepancies and deviations between the calculations for a fixed beam energy
demonstrate the the significant uncertainties associated with optical-model analyses
for this system. The systematic uncertainty of 30% reported by Auton for optical
model analyses with this system is shown to be appropriate at each beam energy.
The inelastic scattering data show a relatively smooth dependence on beam energy
over the limited angular range. The data at 12 and 15 MeV decrease monotonically,
while the data at 18 and 21.4 MeV exhibit sharp structure similar to what is predicted
by the calculations. The calculations underpredict the data severely. This was also
the case for calculations of inelastic deuteron scattering on a

12

C target by Keeley

et al. This suggests that the mechanism for excitation used in these calculations
is not satisfactory. It is interesting to note that the measured cross sections in the
inelastic channel vary smoothly with energy, while all other channels possess a strong
fluctuation relative to calculations in the 15 and 18 MeV data.

6.1.2

Transfer

Figure 6.1 presents the spectroscopic factors using the DWBA method.

The

spectroscopic factors extracted using the adiabatic method of Johnson and Soper are
shown in Figure 6.2. The data collected in the present study are consistent with the
data of Zwieglinski et al. in each case. The coefficients extracted using the adiabatic
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Figure 6.1: Spectroscopic factors extracted using the DWBA, the deuteron optical
model parameters of Perey and Perey[53], and the proton potential parameters of
Watson [73] (W) and Koning and Delaroche [35] (K-D) for the ground and firstexcited states of 11 Be.
method are remarkably consistent and are significantly lower than those predicted
by Vinh Mau [72] and Nunes et al [47].

The extracted spectroscopic factors of the

two bound states are generally lower for the data at 90 MeV. The data remain within
experimental uncertainty for the ground state, but are outside one standard deviation
for the first excited state at 0.32 MeV. The cause of this discrepancy is not clear.
One possible explanation relates to particle-emission thresholds in the composite
system formed by the target and projectile,
12

12

B. The deuteron-emission threshold in

B lies at 12.37 MeV, and the threshold for separate emission of a proton and a

neutron lies at 14.60 MeV. The opening of that reaction channel forming a resonance
in

12

B can interfere with transfer either constructively (in a multi-step reaction)

or destructively (by competing with transfer). Multi-step reactions tend to occur
isotropically with polar angle, and should become evident at predicted minima in
the transfer cross section. The cross sections measured at more backward angles in
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Figure 6.2: Spectroscopic factors extracted using the adiabatic method of Johnson
and Soper [30] and the potential parameters of Watson [73] (W) and Koning and
Delaroche [35] (K-D) for the ground and first-excited states of 11 Be.
the center of mass reference frame (Figure 5.16) provide a hint of this effect. The
enhancement in cross section at 15 MeV is by a factor of four relative to the data at
18 MeV for both bound states at backward angles, and a factor of two at forward
angles in the center of mass reference frame. The limited angular range of the data
introduce some ambiguity to this argument. Also, it is not clear how coupling to the
first excited state in 10 Be depends on energy. The effect of particle emission thresholds
in the compound system is thus not well known.
The second excited state of

11

Be at 1.78 MeV was strongly populated at 15, 18,

and 21.4 MeV. The measured cross sections are consistent with the data of Zwieglinski
et al. The current study provides the first normalized differential cross sections for
(d,p) populating the higher lying resonance states at 2.69 and 3.41 MeV. These data
provide an opportunity for comparison with developing strategies for calculating cross
sections for transfer to continuum states.
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6.2

Outlook

Interest in stripping reactions has been rejuvenated in recent years by the advent of
rare-isotope beams. Initial successes have included experiments using beams of fission
fragments near shell closures, which have lifetimes on the order of tenths of seconds
or longer and can be delivered in beams with excellent emittance. The substantial
binding energy of the valence nucleons in these nuclei simplifies the problem from a
theoretical perspective, and low emittance beams have many experimental benefits.
Significant innovation will be necessary as interest turns to increasingly exotic nuclei.

6.2.1

Experimental challenges

Increasingly exotic nuclei are becoming available in sufficient quantities for transfer
experiments in fragmentation beams. This method of beam production employs a
primary beam at tens of MeV per nucleon impinging on a thick beryllium or carbon
target. Lighter nuclei are produced preferentially in the fragmentation reactions that
occur. In contrast to traditional light-ion beams used with stable targets in standard
kinematics or reaccelerated beams of fission fragments, fragmentation beams tend to
have poor emittance and energy spreads up to several percent.
This makes it necessary to track the trajectories of individual beam-like particles
to improve Q-value resolution that can otherwise be as wide as 500 keV, or worse,
depending on beam mass and energy [38, 59]. Q-value spectra are shown in Figure 6.3
for a recent

56

Ni(p,d) experiment performed in inverse kinematics with and without

beam tracking corrections. Several experiments have been performed using positionsensitive MCPs in this role, since these are presently the only detector that can
detect two-dimensional beam position without passing the beam through more than
a thin carbon foil. One drawback of these detectors, however, is their low detection
efficiencies for light beams (Z < 10) at high energies (E > 5 MeV/A)(see Chapter
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Figure 6.3: Q-value spectrum for (p,d) recorded at the National Superconducting
Cyclotron Laboratory (NSCL) using a 56 Ni fragmentation beam. The spectrum shown
with a dashed line was extracted assuming that all beam particles traveled parallel
to the beam axis and hit the center of the target. The spectrum shown with a solid
line takes into account trajectories measured using position-sensitive MCP detectors.
This results in an improvement in resolution from 1000 keV to 600 keV FWHM.[58]
3). If a beam particle is to be tracked, it must be detected in both detectors.
The efficiency of the system is then the product of the efficiencies of the individual
detectors (< 10% for light beams at high energy).
Thin gas-based detectors can be made to be significantly more efficient than MCP
detectors with a manageble amount of matter in the beam path, and are thus a
well-suited alternative for weakly scattering beams. A series of position sensitive
Parallel Plate Avalanche Counting detectors have been developed for use under these
conditions at the Grand Accélérateur National d’Ions Lourds (GANIL). Design work
is underway for a similar set of detectors for use at the NSCL (See Figure 6.4).
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Figure 6.4: Assembly drawing for a position-sensitive PPAC detector to be used for
beam particle tracking at the NSCL.
A second problem is the question of precise normalization. The present study has
demonstrated both the advantages of excellent statistics and the utility of having
cross-section measurements at a variety of energies.

To achieve these goals for

reactions with cross sections less than a few millibarns in around 7 days, it is necessary
to measure beam rates greater than 106 pps. A beam attenuator has been employed
for the present study and in other cases, by Wuossma et al. [76], for example. The
reduction rate of these sieve-like attenuators can be a significant source of uncertainty.
The material used in the present study was well characterized, yielding an uncertainty
of only 2%, but non-uniformities led to an uncertainty of 30% in the study by
Wuossma et al. The rate of attenuation is also strongly affected by small deviations
in the angle of the device. Moreover, it is impossible to measure coincidence between
light particles and heavy recoils rejected by the attenuator.
One possible solution to this problem is to use an existing detector technology, like
micro-channel plate detectors, with a segmented anode. The requirements on signal
processing speed can be reduced by a factor of 10 if the anode is segmented in such a
way that the beam rate is evenly distributed to ten independent electronics chains. A
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challenge in this method is to minimize dead areas between segments. MCP detectors
have the advantage that it is possible to defocus the column of secondary electrons
without causing significant deviations in beam trajectories. A highly segmented gas
detector is also a possible solution.

6.2.2

Questions of interpretation

An even more significant challenge lies in the interpretation of measured cross sections.
In the case of low-energy stripping reactions on stable nuclei, simple DWBA crosssection calculations using global optical-model parameters were sometimes sufficient
to extract spectroscopic factors from experimental data. As data become available
for increasingly exotic systems and at higher energies, the effects of couplings to
opening channels must be understood.

It is also important that global optical

model parameterizations be evaluated and local potential parameters be extracted
if necessary. The present study has aimed to contribute to this thrust by providing
a thorough and systematic set of data for the (d,p), (d,d), and (d,d’) reactions
for an exotic system. Recent theoretical developments include the coupled-channel
methods already mentioned. On the structure side there are many developments,
including consideration of a source term in the calculation of overlap integrals by
Timofeyuk [69].

6.3

Conclusion

The present study represents the culmination of several contributions to the field
of nuclear science. Primarily, it provides a large set of data for (d,p) populating
the low-lying states in

11

Be that clarifies our current understanding of single-particle

spectroscopic factors for the two bound states. Furthermore, comparison with the
data demonstrates the supremacy of the adiabatic method for calculating differential
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Table 6.1: Experimental and theoretical neutron spectroscopic factors extracted for
the bound states of 11 Be.
Ex
0
0.32

Jπ
1/2+
1/2−

S Experiment
0.52∗ ,0.77† , 0.44‡
0.50∗ 0.9†

S Theory
0.96§ ,0.78¶
0.75§ ,0.87¶

cross-sections over DWBA analyses. Spectroscopic factors are updated in Table 6.1.

From an experimental perspective, the availability of batch-mode tandem

10

Be

beams make this reaction a best case scenario for studying (d,p) with a light exotic
nucleus. Several new experimental tools have been developed, including two detector
systems useful for high-rate beam counting and normalization. The result of the
study is to open several scientific doors, including theoretical description of the data
and development of next-generation beam counting and tracking detectors.
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[23] C. Forssén, P. Navrátil, W. E. Ormand, and E. Caurier. Large basis ab initio
shell model investigation of 9 Be and 11 Be. Phys. Rev. C, 71:044312, 2005. 22
[24] N. Fukuda, T. Nakamura, N. Aoi, N. Imai, M. Shihara, T. Kobayashi, H. Iwasaki,
T. Kubo, A. Mengoni, M. Notani, H. Otsu, H. Sakurai, S. Shimoura, T. Teranishi,
Y. X. Watanabe, and K. Yoneda. Coulomb and nuclear breakup of a halo nucleus
11
Be. Phys. Rev. C, 70(5):054606, 2004. 4, 12
[25] P. J. Haigh, M. Freer, N. I. Ashwood, T. Bloxham, N. Curtis, P. McEwan, H. G.
Bohlen, T. Dorsch, Tz. Kokalova, Ch. Schulz, and C. Wheldon. Neutron decay
widths of excited states of 11 Be. Phys. Rev. C, 79:014302, 2009. 4, 12
[26] J. Hiura and R. Tamagaki. Typical realization of alpha-particle model aspects
in the berylium region. Suppl. Prog. Theor. Phys., 52:25, 1972. 3
[27] Y. Hirayama, T. Shimoda, H. Izumi, H. Yano, M. Yagi, A. Hatakeyama, C. D. P.
Levy, K. P. Jackson, and H. Miyatake. Structure of 11 Be studied in β-delayed
neutron- and γ- decay from polarized 11 Li. Nucl. Phys., A746:71–75, 2004. 12
[28] H. Iwasaki, T. Motobayashi, H. Akiyoshi, Y. Ando, N. Fukuda, H. Fujiwara,
Zs. Fulop, K. I. Hahn, Y. Higurashi, M. Hirai, I. Hisanaga, N. Iwasa, T. Kijima,
T. Minemura, T. Nakamura, M. Notani, S. Ozawa, H. Sakurai, S. Shimoura, S.
Takeuchi, T. Teranishi, Y. Yanagisawa, and M. Ishihara. Quadrupole deformation
of 12 Be studied by proton inelastic scattering. Phys. Lett. B, 481:7–13, 2000. 6,
65
[29] O. Jensen, G. Hagen, M. Hjorth-Jensen, B. A. Brown, and A. Gade. Quenching
of spectroscopic factors for proton removal in oxygen isotopes. Phys. Rev. Lett.,
107:032501, 2011. 19
[30] R. C. Johnson and P. J. R. Soper. Contribution of deuteron breakup channels to
deuteron stripping and elastic scattering. Phys. Rev. C, 1(3):976–990, 1970. xiv,
xv, 13, 25, 67, 69, 70, 76
[31] R. C. Johnson and P. C. Tandy. An approximate three-body theory of deuteron
stripping. Nucl. Phys., A235(1):56–74, 1974. 13, 27
[32] K. L. Jones, A. S. Adekola, D. W. Bardayan, J. C. Blackmon, K. Y. Chae, K. A.
Chipps, J. A. Cizewski, L. Erikson, C. Harlin, R. Hatarik, R. Kapler, R. L. Kozub,
85

J. F. Liang, R. Livesay, Z. Ma, B. H. Moazen, C. D. Nesaraja, F. M. Nunes, S. D.
Pain, N. P. Patterson, D. Shapira, J. F. Shriner Jr, M. S. Smith, T. P. Swan,
and J. S. Thomas. The magic nature of 132 Sn explored through the single-article
states of 133 Sn. Nature, 465:454–457, 2010. 28
[33] N. Keeley, N. Alamanos, and V. Lapoux. Comprehensive analysis method for
(d,p) stripping reactions. Phys. Rev. C, 69(6):064604, 2004. 13
[34] K. Kimura, T. Izumikawa, R. Koyama, T. Ohnishi, T. Ohtsubo, A. Ozawa,
W. Shinozaki, T. Suzuki, M. Takahashi, I. Tanihata, T. Yamaguchi, and
Y. Yamaguchi. High-rate particle identification of high-energy heavy ions using a
tilted electrode gas ionization chamber. Nucl. Instrum. Meth., 538(1-3):608–614,
2005. 42
[35] A. J. Koning and J. P. Delaroche. Local and global nucleon optical models from
1 keV to 200 MeV. Nuc. Phys., A713:231–310, 2003. xiv, xv, 67, 75, 76
[36] Y. Kondo, T. Nakamura, Y. Satou, T. Matsumoto, N. Aoi, N. Endo, N. Fukuda,
T. Gomi, Y. Hashimoto, M. Ishihara, S. Kawai, M. Kitayama, T. Kobayashi, Y.
Matsuda, N. Matsui, T. Motogayashi, T. Nakabayashi, T. Okumura, H.J. Ong,
T.K. Onishi, K. Ogata, H. Otsu, H. Sakurai, S. Shimoura, M. Shinohara, T.
Sugimoto, S. Takeuchi, M. Tamaki, Y. Togano, and Y. Yanagisawa. Low-lying
intruder state of the unbound nucleus 13 Be. Phys. Lett. B, 690(3):245–249, 2010.
6
[37] A. A. Korsheninnikov, E. Yu. Nikolskii, T. Kobayashi, D. V. Aleksandrov, M.
Fujimaki, H. Kumagai, A. A. Ogloblin, A. Ozawa, I. Tanihata, Y. Watanabe, and
K. Yoshida. Spectroscopy of 12 Be and 13 Be using a 12 Be radioactive beam. Phys.
Lett. B, 343(1–4):53–58, 1995. 8
[38] J. Lee, M. B. Tsang, D. Bazin, D. Coupland, V. Henzl, D. Henzlova, M. Kulburn,
W. G. Lynch, A.M. Rogers, A. Sanetullaev, A. Signoracci, Z. Y. Sun, M. Youngs,
K. Y. Chae, R. J. Charity, H. K. Cheung, M. Famiano, S. Hudan, P. O’Malley,
W. A. Peters, K. Schmitt, D. Shapira, and L. G. Sobotka. Neutron-proton
asymmetry dependence of sprectroscopic factors in Ar isotopes. Phys. Rev. Lett.,
104(11):112701, 2010. 77
[39] V. Lima, J. A. Scarpaci, D. Lacroix, Y. Blumenfeld, C. Bourgeois, M. Chabot,
Ph. Chomaz, P. Desesquelles, V. Duprat, M. Fallot, N. Frascaria, S. Grevy, D.
Guillemaud-Mueller, P. Roussel-Chomaz, H. Savajold, and O. Sorlin. Nuclear
break-up of 11 Be. Nucl. Phys., A795(1–4):1–18, 2007. 12
[40] G.-B. Liu and H. T. Fortune. 9 Be(t,p)11 Be and the structure of 11 Be. Phys. Rev.
C, 42(1):167–173, 1990. 12

86

[41] C. P. Lorenz, D. G. Ravenhall, and C. J. Pethick. Neutron star crusts. Phys.
Rev. Lett., 70(4):379–382, 1993.
[42] N. Michel, W. Nazarewicz, and M. Ploszajczak. Threshold effects in multichannel
coupling and spectroscopic factors in exotic nuclei. Phys. Rev. C, 75:031301, 2007.
19
[43] D. J. Millener, J. W. Olness, and E. K. Warburton. Strong E1 transitions in
9
Be, 11 Be, and 13 C. Phys. Rev. C, 28(2):497–505, 1983. 4, 9, 11
[44] T. Nakamura. Coulomb and nuclear breakup of halo nuclei.
A734:319–322, 2004.

Nucl. Phys.,

[45] P. Navritil, S. Quaglioni, I. Stetcu, and B. R. Barrett. Recent developments
in no-core shell-model calculations. J. Phys. G: Nucl. Part. Phys., 36(8):083101,
2009. 23
[46] A. Sonzogni. NNDC Chart of nuclides. (2011). Retrieved August, 2011 from
http://www.nndc.bnl.gov/chart/. xi, 7
[47] F. M. Nunes, I. J. Thompson, and R. C. Johnson. Core excitation in one neutron
halo systems. Nucl. Phys., A596:171–186, 1996. 15, 22, 75
[48] F. M. Nunes and A. Deltuva. Adiabatic versus Faddeev for (d,p) and (p,d)
reactions. arXiv:1108.2519v1. 27
[49] W. von Oertzen and H. G. Bohlen. Covalently bound molecular states in
beryllium and carbon isotopes. C. R. Phys., 4(4-5):465–474, 2003. 4
[50] S. D. Pain, J. A. Cizewski, R. Hatarik, K. L. Jones, J. S. Thomas, D. W.
Bardayan, J. C. Blackmon, C. D. Nesaraja, M. S. Smith, R. L. Kozub, and M. S.
Johnson. Development of a high solid-angle silicon detector array for measurement
of transfer reactions in inverse kinematics. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, 261(12):1122–1125, 2007. 28, 39
[51] R. Palit, P. Adrich, T. Aumann, K. Boretzky, B. V. Carlson, D. Cortina, U. Datta
Pramanik, Th. W. Elze, H. Emling, H. Geissel, M. Hellstrom, K. L. Jones, J. V.
Kratz, R. Kulessa, Y. Leifels, A. Leistenschneider, G. Munzenberg, C. Nociforo,
P. Reiter, H. Simon, K. Summerer, and W. Walus. Exclusive measurement
of breakup reactions with the one-neutron halo nucleus 11 Be. Phys. Rev. C,
68(3):034318, 2003. 4, 12
[52] J.C. Pei, F. R. Xu, and P. D. Stevenson. Deformation effects on the structures
of N = 7 halo nuclei. Nucl. Phys., A765(1–2):29–38, 2006. 23

87

[53] C. M. Perey and F. G. Perey. Phenomenological optical-model parameters 19541975. Atom. Data Nucl. Data Tables, 17(1):1–101, 1976. xiv, 64, 67, 75
[54] D. J. Pullen, S. Hinds, A. E. Litherland, and R. Middleton.
anomaly Nucl. Phys., 36:1–15, 1962. 12

11

Be: A shell model

[55] S. Raman, C. W. Nestor, Jr., and P. Tikkanen. Transition probability from
the ground to the first-excited 2+ state of even-even nuclides. Atomic Data and
Nuclear Data Tables, 78:1–128, 2001. 4
[56] K. Riisager. Nuclear halo states. Rev. Mod. Phys., 66(3):1105–1116, 1994. 8
[57] K. Riisager. Nuclear Halos and Experiments to Probe Them. Lect. Notes Phys.,
700:1–36, 2006. 9
[58] A. Sanetullaev. Private communication, 2011. xv, 78
[59] P. Santi, J. J. Kolata, D. Bazin, P. A. DeYoung, V. Guimaraes, R. T. Guray, P. L.
Jolivette, A. Navin, G. F. Peaslee, D. Peterson, E. Rischette, B. M. Sherrill, and
R. White-Stevens. Structure of the 10 Li nucleus investigated via the 9 Li(d,p)10 Li
reaction. Phys. Rev. C, 67(2):024606, 2003. 77
[60] G. R. Satchler. An optical potential for deuteron scattering from carbon. Nucl.
Phys., 85:273–287, 1966. 64
[61] D. Shapira, T. A. Lewis, and L. D. Hulett. A fast and accurate position-sensitive
timing detector based on secondary electron emission. Nucl. Instrum. Meth.,
454(2–3):409–420, 2000. 33
[62] T. Suzuki, R. Kanungo, O. Bochkarev, L. Chulkov, D. Cortina, M. Fukuda,
H. Geissel, M. Hellstrm, M. Ivanov, R. Janik, K. Kimura, T. Kobayashi, A. A.
Korsheninnikov, G. Mnzenberg, F. Nickel, A. A. Ogloblin, A. Ozawa, M. Pftzner,
V. Pribora, H. Simon, B. Sitr, P. Strmen, K. Sumiyoshi, K. Smmerer, I. Tanihata,
M. Winkler and K. Yoshida. Nuclear radii of 17,19 B and 14 Be. Nucl. Phys. A,
658(4):313–326, 1999. 8
[63] I. Tanihata, H. Hamagaki, O. Hashimoto, T. Kobayashi, Y. Shida, K. Sugimoto,
N. Takahashi, O. Yamakawa, and N. Yoshikawa. Measurements of interaction cross
sections and nuclear radii in the light p-shell region. Phys. Rev. Lett., 55(24):2676–
2679, 1985. xi, 10, 11
[64] I. Tanihata, T. Kobayashi, O. Yamakawa, S. Shimoura, N. Takahashi, T.
Shimoda, and H. Sato. Measurement of interaction cross sections using isotope
beams of Be and B and isospin dependency of the nuclear radii. Phys. Lett. B,
206(4):592–596, 1988. 4, 10, 11

88

[65] I. Talmi and I. Unna. Order of Levels in the Shell Model and Spin of 11 Be. Phys.
Rev. Lett., 4:469–470, 1960. 4
[66] M. Thoennessen, S. Yokoyama, and P. G. Hansen. First evidence for low lying
s-wave strength in 13 Be. Phys. Rev. C, 63(1):014308, 2000. 6
[67] J. S. Thomas, G. Arbanas, D. W. Bardayan, J. A. Cizewski, D. J. Dean, R. P.
Fitzgerald, U. Griefe, C. J. Gross, M. S. Johnson, K. L. Jones, R. L. Kozub, J. F.
Liang, R. J. Livesay, Z. Ma, B. H. Moazen, C. D. Nesaraja, D. Shapira, M. S.
Smith, and D. W. Visser. Single-neutron excitations in neutron-rich 83 Ge and
85
Se. Phys. Rev. C, 76(4):044302, 2007. 28
[68] N. K. Timofeyuk and R. C. Johnson. Deuteron stripping and pick-up on halo
nuclei. Phys. Rev. C, 59(3):1545–1554, 1999. xi, 13, 14
[69] N. K. Timofeyuk. Overlap functions, spectroscopic factors, and aymptotic
normalization coefficients generated by a shell-model source term. Phys. Rev.
C, 81(6):064306, 2010. 80
[70] A. Umeya, G. Kaneko, T. Haneda, and K. Muto. Enhancement of neutron
quadrupole motion beyond N=8. Phys. Rev. C, 77(4):044301, 2008. 65
[71] R. L. Varner, W. J. Thompson, T. L. McAbee, E. J. Ludwig, and T. B. Clegg.
A global nucleon optical model potential. Phys. Rep., 201(2):57–119, 1991.
[72] N. Vinh Mau. Particle-vibration coupling in one neutron halo nuclei. Nucl.
Phys., A592(1):33–44, 1995. 15, 22, 75
[73] B. A. Watson, P. P. Sengh, and R. E. Segel. Optical-model analysis of nucleon
scattering from 1p-shell nuclei between 10 and 50 MeV. Phys. Rev., 182(4):977–
989, 1969. xiv, xv, 13, 15, 67, 75, 76
[74] J. S. Winfield, S.Fortier, W. N. Catford, S.Pita, N. A. Orr, J.Van de Wiele, Y.
Blumenfeld, R. Chapman, S. P. G. Chappell, N. M. Clarke, N. Curtis, M. Freer,
S. Gales, H. Langevin-Joliot, H. Laurent, I. Lhenry, J. M. Maison, P. RousselChomaz, M. Shawcross, K. Spohr, T. Suomijarvi, and A. de Vismes. SingleNeutron Transfer from 11 Begs via the (p,d) reaction with a radioactive beam.
Nucl. Phys., A683(1–4):48–78, 2001. 4, 12, 13
[75] S.S.M. Wong. Introductory Nuclear Physics. Wiley-VCH Verlag GmbH & Co.
KGaA, Wienheim. xi, 18, 21
[76] A. H. Wuosmaa, B. B. Back, S. Baker, B. A. Brown, C. M. Deibel, P. Fallon,
C. R. Hoffman, B. P. Key, H. Y. Lee, J. C. Lighthall, A. O. Macchiavelli, S. T.
Marley, R. C. Pardo, K. E. Rehm, J. P. Schiffer, D. V. Shetty, and M. Wiedeking.
15
C(d,p)16 C Reaction and Exotice Behavior in 16 C. Phys. Rev. Lett., 105:132501,
2010. 79
89

[77] B. Zwieglinski, W. Benenson, W.R. Coker, and R. G. H. Robertson. Study of
the 10 Be(d,p)11 Be reaction at 25 MeV. Nucl. Phys., A315(2):124–132, 1979. xiv,
12, 13, 67, 68, 69, 70, 71, 72

90

Appendix

91

Appendix A
Data

92

Table A.1: Data from the elastic scattering of 10 Be on a deuteron target at
E10 Be = 60 MeV. The cross section is expressed as a ratio to the calculated Rutherford
cross section.
θd (deg.)
33.2
35.7
38.1
40.4
43.8
47.0
50.2
53.4
56.6
59.8
63.0
66.2

Ratio to Rutherford cross section
5.74 ± 0.15
4.44 ± 0.19
2.69 ± 0.18
1.40 ± 0.15
0.12 ± 0.10
1.23 ± 0.13
2.67 ± 0.30
4.17 ± 0.25
4.76 ± 0.30
5.09 ± 0.21
5.02 ± 0.17
5.45 ± 0.31

Table A.2: Data from the elastic scattering of 10 Be on a deuteron target at
E10 Be = 75 MeV. The cross section is expressed as a ratio to the calculated Rutherford
cross section.
θd (deg.)
29.6
31.8
33.9
36.0
37.9
39.7
40.6
43.8
47.0
50.2
53.4
56.5
59.7

Ratio to Rutherford cross section
8.40 ± 0.13
5.88 ± 0.11
4.13 ± 0.11
2.67 ± 0.12
1.45 ± 0.10
0.46 ± 0.10
0.23 ± 0.07
0.71 ± 0.18
2.64 ± 0.16
4.25 ± 0.21
5.42 ± 0.25
6.55 ± 0.51
6.40 ± 0.60

Table A.3: Data from the elastic scattering of 10 Be on a deuteron target at
E10 Be = 90 MeV. The cross section is expressed as a ratio to the calculated Rutherford
cross section.
θd (deg.)
29.0
30.9
32.7
34.5
37.4
40.6
43.7
46.9
50.1
53.3
56.5
59.7

Ratio to Rutherford cross section
5.67 ± 0.19
3.58 ± 0.22
2.33 ± 0.26
1.73 ± 0.30
0.43 ± 0.20
0.71 ± 0.16
1.96 ± 0.22
3.71 ± 0.23
4.25 ± 0.27
4.92 ± 0.33
3.56 ± 0.23
3.87 ± 0.59
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Table A.4: Data from the elastic scattering of 10 Be on a deuteron target at
E10 Be = 107 MeV. The cross section is expressed as a ratio to the calculated Rutherford
cross section.
θd (deg.)
30.8
32.8
34.7
36.7
38.7
40.7
42.4
44.7
46.7
48.7
50.7
52.6
54.6
56.6
58.6

Ratio to Rutherford
cross section
0.18 ± 0.02
0.36 ± 0.03
0.82 ± 0.05
1.85 ± 0.07
2.94 ± 0.09
4.17 ± 0.11
4.86 ± 0.13
5.90 ± 0.15
5.91 ± 0.17
5.88 ± 0.18
5.47 ± 0.18
4.42 ± 0.18
3.51 ± 0.18
2.81 ± 0.17
1.20 ± 0.21

Table A.5: Data from 10 Be(d,p), populating the ground state of 11 Be at E10 Be = 60
MeV.
θd (deg.)
4.3
5.6
7.0
8.6
10.4
53.0
56.8
60.9
65.1
69.5
74.0
78.6

Differential cross section (mb/sr)
52.4 ± 8.1
55.0 ± 7.8
46.4 ± 3.0
50.9 ± 5.5
38.8 ± 2.2
4.09 ± 0.52
2.31 ± 0.26
1.92 ± 0.27
1.57 ± 0.21
0.95 ± 0.18
0.64 ± 0.24
0.82 ± 0.23

Table A.6: Data from 10 Be(d,p), populating the ground state of 11 Be at E10 Be = 75
MeV.
θd (deg.)
4.6
5.9
7.4
9.1
11.0
58.0
62.0
66.1
70.5

Differential cross section (mb/sr)
41.7 ± 3.2
37.4 ± 2.7
33.4 ± 2.4
25.3 ± 1.8
17.9 ± 1.3
4.17 ± 0.69
2.99 ± 0.40
1.49 ± 0.37
0.27 ± 0.23
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Table A.7: Data from 10 Be(d,p), populating the ground state of 11 Be at E10 Be = 90
MeV.
θd (deg.)
4.7
6.1
7.6
9.4
11.3
53.0
60.7
69.0

Differential cross section (mb/sr)
22.2 ± 1.9
17.8 ± 1.5
13.0 ± 1.1
10.8 ± 0.9
8.13 ± 0.69
0.78 ± 0.22
0.74 ± 0.17
0.23 ± 0.11

Table A.8: Data from 10 Be(d,p), populating the ground state of 11 Be at E10 Be = 107
MeV.
θd (deg.)
4.6
5.5
6.5
7.5
8.7
9.9
11.2
12.3
18.2
20.7
23.4
26.4
29.8
33.5
37.6

Differential cross section (mb/sr)
17.52 ± 0.81
16.18 ± 1.09
14.78 ± 0.65
11.93 ± 0.47
9.26 ± 0.42
7.55 ± 0.34
5.44 ± 0.28
4.28 ± 0.61
0.85 ± 0.18
0.13 ± 0.13
0.68 ± 0.13
0.81 ± 0.11
1.21 ± 0.09
1.19 ± 0.08
0.65 ± 0.05

Table A.9: Data from 10 Be(d,p), populating the first excited state of
Eex = 0.320 MeV and E10 Be = 60 MeV.
θd (deg.)
4.1
5.3
6.6
8.1
9.9
51.8
55.7
59.7
64.0
68.4
73.0
77.7

Differential cross section (mb/sr)
42.6 ± 5.0
34.9 ± 5.2
37.4 ± 2.2
38.4 ± 4.2
44.0 ± 2.8
5.41 ± 0.61
4.45 ± 0.33
3.91 ± 0.34
3.43 ± 0.27
2.65 ± 0.24
2.02 ± 0.32
1.50 ± 0.34
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Be at

Table A.10: Data from 10 Be(d,p), populating the first excited state of
Eex = 0.320 MeV and E10 Be = 75 MeV.
θd (deg.)
4.4
5.7
7.1
8.7
10.6
57.1
61.1
65.3
69.7

11

Be at

11

Be at

Differential cross section (mb/sr)
20.4 ± 1.8
18.6 ± 1.5
17.9 ± 1.5
15.6 ± 1.2
14.6 ± 1.2
1.34 ± 0.28
0.85 ± 0.18
0.37 ± 0.13

Table A.12: Data from 10 Be(d,p), populating the first excited state of
Eex = 0.320 MeV and E10 Be = 107 MeV.
θd (deg.)
4.5
5.4
6.3
7.4
8.5
9.7
11.0
12.0
17.8
20.2
22.9
25.9
29.2
32.9
37.0

Be at

Differential cross section (mb/sr)
34.3 ± 2.7
33.2 ± 2.5
32.4 ± 2.4
28.3 ± 2.0
25.3 ± 1.8
4.85 ± 0.75
4.48 ± 0.46
3.22 ± 0.48
2.18 ± 0.35

Table A.11: Data from 10 Be(d,p), populating the first excited state of
Eex = 0.320 MeV and E10 Be = 90 MeV.
θd (deg.)
4.6
5.9
7.4
9.1
11.0
52.3
60.0
68.3

11

Differential cross section (mb/sr)
20.6 ± 1.9
19.5 ± 2.0
20.0 ± 1.8
18.8 ± 1.6
17.4 ± 1.5
15.2 ± 1.3
13.8 ± 1.1
13.0 ± 1.3
9.14 ± 0.78
6.93 ± 0.60
5.23 ± 0.45
3.78 ± 0.33
2.61 ± 0.23
2.23 ± 0.20
2.16 ± 0.19

96

Table A.13: Data from 10 Be(d,p), populating the first excited state of
Eex = 1.78 MeV and E10 Be = 75 MeV.
θd (deg.)
4.5
5.6
6.9
8.4
48.4
52.3
56.5
60.9
65.5

Be at

11

Be at

Differential cross section (mb/sr)
92.0 ± 7.5
92.5 ± 7.5
86.6 ± 7.0
84.3 ± 6.8
79.0 ± 6.4
72.5 ± 5.9
67.3 ± 5.4
67.5 ± 5.5
43.2 ± 3.5
35.5 ± 2.9
27.1 ± 2.2
19.2 ± 1.6
12.7 ± 1.0
7.05 ± 0.57
2.92 ± 0.24

Table A.16: Data from 10 Be(d,d’), populating the first excited state of
Eex = 3.368 MeV and E10 Be = 60 MeV.
θd (deg.)
36.4
41.9
46.9
51.6

11

Differential cross section (mb/sr)
63.7 ± 5.4
68.5 ± 6.2
49.8 ± 4.3
50.0 ± 4.0
50.2 ± 4.3
1.63 ± 0.47
1.28 ± 0.22
1.87 ± 0.28
1.85 ± 0.30

Table A.15: Data from 10 Be(d,p), populating the first excited state of
Eex = 1.78 MeV and E10 Be = 107 MeV.
θd (deg.)
3.9
4.7
5.6
6.5
7.4
8.5
9.7
10.6
15.8
18.1
20.6
23.4
26.6
30.1
34.1

Be at

Differential cross section (mb/sr)
72. ± 14
106. ± 16
64.8 ± 9.4
52.7 ± 7.2
11.1 ± 0.9
7.36 ± 0.74
9.24 ± 0.76
8.05 ± 0.76
9.43 ± 0.74

Table A.14: Data from 10 Be(d,p), populating the first excited state of
Eex = 1.78 MeV and E10 Be = 90 MeV.
θd (deg.)
3.8
5.0
6.2
7.7
9.3
48.6
56.5
65.1
71.8

11

Differential cross section (mb/sr)
21.9 ± 0.9
12.7 ± 0.7
9.41 ± 0.57
9.17 ± 0.56
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Table A.17: Data from 10 Be(d,d’), populating the first excited state of
Eex = 3.368 MeV and E10 Be = 75 MeV.
θd (deg.)
41.0
45.0
48.7
52.2
55.5
58.7

10

Be at

10

Be at

Differential cross section (mb/sr)
8.74 ± 0.51
11.0 ± 0.6
8.41 ± 0.50
6.52 ± 0.44
5.85 ± 0.42
5.29 ± 0.39
6.15 ± 0.43

Table A.19: Data from 10 Be(d,d’), populating the first excited state of
Eex = 3.368 MeV and E10 Be = 107 MeV.
θd (deg.)
32.4
37.2
40.9
44.1
47.1
50.0
52.7
55.4
57.9

Be at

Differential cross section (mb/sr)
11.8 ± 0.4
9.70 ± 0.35
8.63 ± 0.33
7.58 ± 0.31
6.77 ± 0.29
6.27 ± 0.28

Table A.18: Data from 10 Be(d,d’), populating the first excited state of
Eex = 3.368 MeV and E10 Be = 90 MeV.
θd (deg.)
36.9
40.4
43.7
46.7
49.6
52.4
55.1

10

Differential cross section (mb/sr)
6.13 ± 0.22
7.92 ± 0.27
8.64 ± 0.28
7.24 ± 0.27
6.09 ± 0.27
6.03 ± 0.28
6.92 ± 0.27
7.48 ± 0.28
5.45 ± 0.23
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